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537,  541 

537,  539,  541,  573 
543 

537,  542,  573 

541 
542 


538-540,  573 


542 
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Polymer,  Code 

Polyesterurethane,  PEU 
Polyethylene,  PE 
Polyethyleneterephthalate 

(Mylar),  PET 
Polyglycol,  PG 
Polyisobutylene,  PIB 
Polymethylmethacrylate 

( Plexiglas, 

Perspex),  PMMA 
Polystyrene,  PS 
Polytetrafluoroethylene 

(Teflon),  PTFE 
Polyvinylacetate,  PVA 
Polyvinylchloride,  PVC 
Resin 
Rubber 
Varnish 


Figures  Tables 

Number  Page  Page 

68a-c   534-536    539 

68a-c,76   534-536,  572    538,  540-543,  573 

68a-c   534-536    538,  539,  541 

68a-c   534-536    542 

68a-c   534-536    539 


68a-c,76   534-536,  572    537,  541,  543,  574 

68a-c,76   534-536,  572    537,  541-543,  573,  574 

68a-c,76   534-536,  572    537-542,  573 

68a-c,76   534-536,  572    543,  574 

68a-c   534-536    539 

68a-c    534-536    543 

68a-c    534-536    537, 539 

68a-c   534-536    542 


Very  Low  Temperature  (T  <  1  K) 


Material 


Aluminum 
Cadmium 

Cerium  ionic  crystals 
Cobalt  ionic  crystals 
Copper 

Copper  ionic  crystals 

Epoxy  (Epibond) 

Gallium 

Germanium 

Glass  (Pyrex) 

Gold 

Graphite 

Holmium 

Indium 

Indium  alloys 

Iron 

Lanthanum  ionic  crystals 
Lead 

Lithium  ionic  crystals 
Nickel 


Number 

73  __ 
72  __ 
75a,b 


Page  Page 

558    559 

556    557 

566,  567    571 


75a,b    566,567 

71  

75a,b   

76  


  570 

553    554 

566,  567    570,  571 


73  --. 

74  __. 
76  _-. 
71  __. 
76  -_. 
74  __. 

73  __. 
75a,b 
69 

75a,b 

74  __. 
75a,b 
69 


572 
558 
562 
572 
553 
572 
562 


573 
560 
563 
573 
555 
573 
565 


558    560,561 

566,  567    568 

547    548 

566,  567    570 

562    564,  565 

566,  567    568 

547    54fi 
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Figures  Tables 
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Nickel  ionic  crystals  75a,b    566,  567    571 

Niobium  70   550    551 

:NyIon  ,  76   572    573 

PaHailmm  69   547    548 

Platinum  69   547    549 

Polychlorotrifluoro- 
ethylene  (Kel-F), 

PCTFE  76   572    573 

Polyethylene,  PE  76   572    573 

Polymethylmetha- 
crylate, (Plexiglas, 

Perspex),  PMMA  76   572    574 

Polystyrene,  PS  76   572    573,  574 

Polytetrafluoroethylene 

(Teflon)  PTFE  76   572    573 

Polyvinylacetate,  PVA         76   572    574 

Potassium  ionic  crystal        75a,b    566,  567    569,  570 

Rhenium  69   547    548 

Rubidium  ionic  crystal        75a,b    566,  567    570 

Sapphire  75a,b    566,  567    571 

Silica  76   572    573 

Silver  71   553    554 

Sodium  ionic  crystal  75a,b    566,  567    569 

Tantalum  70   550    552 

Thallium  73   558    561 

Thorium  74   562    565 

Tin  74   562    563,  564 

Tin  alloys  75a,b    566,  567    568 

Titanium  69   547    548 

Tungsten  69   547    548 

Zinc  72   556    557 
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Thermal  Conductivity  of  Solids 
at  Room  Temperature  and  Below 


A  Review  and  Compilation  of  the  Literature 
Gregg  E.  Childs,  Lewis  J.  Ericks,  and  Robert  L.  Powell 


An  extensive  compilation  is  given  of  the  measured  values  of  thermal  conductivity  for  nearly  all 
solid  materials  from  room  temperature  down  to  0.02  kelvin.  The  reviewed  materials  include  elements, 
alloys  and  commercial  metals,  semiconductors,  semimetals,  ionic  and  valence  crystals,  minerals, 
molecular  crystals,  polymers,  glasses,  and  disordered  dielectrics.  Excluded  are  foams,  powders, 
earths,  fibers,  layers  of  composites,  and  similar  other  heterogeneous  solids.  Data  for  temperatures 
below  1  kelvin  are  presented  separately.  The  tables  and  graphs  are  complete  for  literature  refer- 
ences from  1900  to  mid-1971.  Experimental  methods  and  physical  phenomena  are  discussed  in  the 
text  and  coded  in  the  tables  for  references  for  which  curves  are  shown. 

Key  words:  Alloys;  commercial  metals;  cryogenics  thermal  conductivity;  disordered  dielectrics; 
elements;  glass;  ionic  and  valence  crystals;  minerals;  molecular  crystals;  polymers;  review  semi- 
conductors; semimetals;  thermal  conductivity. 


1.  Introduction 

Experimental  data  on  the  thermal  conductivity  of 
solids  at  low  temperatures  have  been  compiled,  evalu- 
ated, and  summarized  in  tables  and  graphs.  The  tem- 
perature range  of  interest  extends  from  about  room 
temperature  (300  kelvin)  down  to  the  lowest  tempera- 
tures at  which  thermal  conductivity  experiments  have 
been  carried  out,  about  20  millikelvin.  For  convenience 
in  analysis,  we  have  classified  the  solids  into  seven 
groups:  (1)  elements,  (2)  alloys  and  commercial  metals, 
(3)  semiconductors  and  semimetals,  (4)  ionic  and  va- 
lence crystals  and  minerals,  (5)  molecular  crystals,  (6) 
polymers,  and  (7)  glasses  and  disordered  dielectrics. 
In  addition  there  is  a  separate  grouping  of  all  materials 
for  which  there  is  published  data  below  1  kelvin.  We 
have  excluded  many  thermal  insulating  materials  such 
as  foams,  powders,  earths,  fibers,  and  layers  of  com- 
posites. 

This  compilation  is  a  revision  and  expansion  of  the 
NBS  Circular  published  earlier  [1].^  For  the  previous 
Circular,  the  professional  abstract  and  leading  research 
journals  were  searched  for  references  from  1900  to  the 
spring  of  1954.  For  this  Monograph,  publications  from 
the  same  time  period  were  searched  again  for  additional 
references  on  dielectrics  and  other  nonmetals;  there  was 
also  a  complete  search  of  more  recent  references,  pub- 
lications dating  from  1953  to  the  summer  of  1971.  A 
few  references  from  later  in  1971  and  1972  are  in- 
cluded, but  the  coverage  is  not  complete  for  this  time 
period.  Most  of  the  references  came  from  the  leading 
research  journals,  but  reports,  industrial  publications, 
and  conference  proceedings  also  contributed  a  few  data 


^  Figures  in  brackets  indicate  the  literature  references  for  the  text.  These 
references  are  to  be  found  in  section  2.4. 


curves  and  many  tabular  values.  The  most  useful  results 
from  conferences  came  from  the  annual  American  Ther- 
mal Conductivity  Conferences  [2] .  The  main  source  of 
industrial  data  was  the  Alloy  Digest  [3].  The  Cryogenic 
Data  Center  of  the  NBS  Cryogenics  Division  also  pro- 
vided a  computer  search  of  all  their  collected  references. 
Data  from  unpublished  reports  or  proviate  communica- 
tions were  not  included  Unless  there  were  no  other  data 
on  the  particular  materials.  Similarly,  data  obtained 
from  indirect  measurements,  such  as  thermal  diffusivity, 
were  generally  not  included  because  of  their  much 
greater  uncertainties.  Very  few  references  published 
before  1900  are  included  because  of  their  generally 
poor  material  characterization  and  higher  inaccuracies. 
Exceptions  are  made  for  those  articles  that  contain 
values  for  materials  not  measured  more  recently  and 
also  for  those  publications  considered  to  be  especially 
important  to  development  of  experimental  research  on 
thermal  conductivity. 

2.  Discussion  of  Tables  and  Figures 

2.1.  General 

The  tables  and  figures  for  the  materials  have  been 
arranged  into  eight  groups,  seven  materials  groups  plus 
one  group  for  experimental  data  below  1  kelvin.  The 
groups  are: 

(1)  Elements 

(2)  Alloys  and  Commercial  Metals 

(3)  Semiconductors  and  Semimetals 

(4)  Ionic  and  Valence  Crystals  and  Minerals 

(5)  Molecular  Crystals 

(6)  Polymers 

(7)  Glasses  and  Disordered  Dielectrics 

(8)  Very  Low  Temperature  Data  (T  <  1  K) . 


1 


The  Elements  are  arranged  by  periodic  groups,  be- 
ginning with  lA  and  ending  with  the  Lantnanide  and 
Actinide  series  (see  fig.  2.1.1).  Alloys,  Semiconductors, 
and  Ionic  and  Valance  Crystals  are  similarly  arranged 
by  their  major  component.  Copper  has  an  additional 
graph  for  physical  imperfection  effects;  silicon  and 
germanium  have  separate  graphs  for  n-  and  p-type 
crystals;  and  helium  has  separate  graphs  for  the  iso- 
topes He^  and  He*.  Iron  alloys  have  been  further  divided 
into  special  types,  with  four  separate  tables  for  cast 
irons  and  carbon  steels,  stainless  steels,  and  iron  alloys 
and  three  graphs  for  face-centered  cubic,  body-centered 
cubic,  and  dilute  body-centered  cubic  alloys.  The  classi- 
fication criteria  for  the  different  iron  alloy  types  are  in- 
cluded in  the  main  body  of  the  tables,  just  before  the 
first  table  on  iron  alloys.  Copper  alloys  are  divided  into 
three  types:  regular,  commercial  coppers,  and  copper- 
nickel.  The  valence  crystals  diamond,  sapphire,  quartz, 
and  garnet  have  been  given  special  tables  and  graphs. 
Common  and  trade  names  ^  are  included  in  graphs  and 
tables  for  glasses  and  polymers.  A  list  of  code  names 
for  polymers,  e.g.,  PE  for  polyethylene,  is  included  in 
the  polymer  section  of  the  tables. 

In  most  cases  the  tables  and  figures  for  a  particular 
material  are  on  adjacent  pages;  however,  sometimes 
graphs  for  a  certain  material  are  well  separated  from 
the  appropriate  tables  when  there  is  insufficient  data  to 
justify  a  separate  graph.  The  tables  are  in  proper  order, 
nevertheless,  and  a  note  in  the  first  column  of  the  table 
indicates  the  appropriate  graphs  for  each  reference  if 
the  graphs  are  separated  from  the  tables.  In  addition  a 
note  just  below  the  heading  of  each  table  indicates  the 
appropriate  graphs  for  each  material. 

The  temperature  range  for  most  of  the  graphs  is  from 
4  to  300  kelvin,  with  arrows  on  the  bottom  of  the  graphs 
indicating  the  normal  boiling  points  of  liquid  helium, 
hydrogen,  and  nitrogen  and  the  melting  point  of  ice. 
For  materials  where  there  is  a  lack  of  data  over  the 
whole  range,  or  a  large  amount  of  data  in  a  narrow 
range,  graphs  with  special  ranges  are  given,  e.g.,  1-10 
K  and  1-100  K.  The  very  low  temperature  graphs  cover 
the  range  from  0.1  to  1  K  or  0.01  to  1  K. 

Curves  on  the  graphs  have  a  code  marking  that  in- 
dicates first,  the  last  initials  of  the  authors,  second,  the 
specimen  number  if  more  than  one  specimen  by  those 
authors  is  included  on  the  graph,  and  third,  the  material 
if  more  than  one  type  of  material  is  included  on  the 
graph.  The  symbol (s)  is  included  on  the  curve  if  the 
material  is  in  the  superconducting  state  and  the  relevant 
curves  are  drawn  with  a  dotted  line.  Occasionally  a  let- 
ter or  abbreviations  are  also  enclosed  in  parentheses  to 
indicate  special  physical  treatments  such  as  annealing 
or  irradiation.  An  explanation  of  the  code  letters  is 
included  in  the  appropriate  table  for  each  material. 

In  many  cases,  not  all  specimens  from  a  paper  are 
shown  in  the  appropriate  graphs.  Similarly,  occasional 
data  points  are  sometimes  left  off.  Both  of  these  omis- 
sions occur  whenever  the  figures  are  becoming  too 


2  Certain  trade-names  are  identified  in  this  paper  in  order  to  give  a  pre- 
cise identification  of  the  material  measured.  In  no  case  does  such  identifica- 
tion imply  recommendation  or  endorsement  by  the  National  Bureau  of 
Standards. 


crowded.  Also,  if  only  one  or  two  experimental  data 
points  were  reported,  a  curve  is  usually  not  given;  the 
results  are  given  only  in  the  tables.  If  several  authors 
report  values  that  are  nearly  identical,  the  report  that 
was  published  first  is  usually  presented  on  the  figure 
and  the  later  report  merely  referenced  in  the  tables. 
There  are  exceptions  to  this  when  the  results  of  a  later 
author  are  considered  to  be  more  accurate  or  extensive. 

It  cannot  be  emphasized  too  strongly  that  there  is  no 
meaning  to  "standard"  or  "recommended"  curves  or 
values  for  pure  metals  and  perfect  dielectrics  at  tem- 
peratures below  their  thermal  conductivity  maximum. 
Thermal  conductivity  values  at  the  lower  temperatures 
are  completely  dependent  on  the  specific  experimental 
specimen,  its  minor  chemical  impurities,  and  its  physi- 
cal defects.  That  is,  the  experimentally  measured  ther- 
mal conductivity  for  those  materials  at  low  temperatures 
is  not  an  intrinsic  property  of  the  bulk  material. 

This  review  uses  the  units  most  often  observed  in  ther- 
mal conductivity  literature,  that  is,  watts/ centimeter- 
kelvin.  Whenever  the  thermal  conductivity  values  are 
very  low,  the  units  used  in  the  graphs  are  milliwatts/ 
centimeter-kelvin.  The  values  quoted  in  the  tables  al- 
ways have  the  same  units  as  their  respective  graphs. 
Table  2.1.1  contains  the  factors  for  conversion  of  values 
into  calories,  British  thermal  units,  and  other  less-often- 
used  units. 

Each  of  the  materials  tables  is  divided  into  five  col- 
umns labeled:  Curve,  Sample  Source  and  Analysis  or 
Composition  (%),  Remarks,  Code,  and  Reference.  Ex- 
planations of  the  Code  column  are  quite  extensive; 
Codes  A  through  G  on  Experimental  Methods  are  de- 
scribed in  section  2.2;  Coles  L  through  S  on  Physical 
Phenomena,  in  section  2.3.  The  other  columns  are  ex- 
plained below. 

Within  each  table  the  references  are  arranged  chron- 
ologically, except  that  all  trade  journal  and  handbook 
values  are  placed  at  the  end  of  each  material  list.  The 
first  column,  labeled  Curve,  is  used  as  a  locator  for  iden- 
tifying the  curve  on  a  graph.  If  there  are  no  letters  in 
this  column,  no  curve  for  that  reference  is  included  in 
the  Monograph.  In  addition  to  letters  indicating  the 
author's  last  name,  there  are  special  notations  for  the 
number  of  the  specimens,  special  heat  or  chemical  treat- 
ments, state  of  superconductivity,  and  similar  special 
characteristics.  An  explanation  of  any  special  note  is 
included  in  the  Remarks  column  whenever  appropriate. 

The  second  column  indicates  the  Sample  Source 
(whenever  the  information  is  available)  and  the  An- 
alysis (for  elements)  or  Composition  (for  other  mate- 
rials) .  If  the  specimens  were  received  from  commercial 
firms,  the  source  is  indicated.  If  the  specimens  were  pre- 
pared by  the  authors,  no  source  is  listed.  The  chemical 
impurities  and  composition  are  usually  given  in  weight 
percent.  Often,  too  often  in  fact,  the  references  are  very 
inadequate  in  providing  characterization  for  their  spec- 
imens. Such  phrases  as  "pure"  or  "very  pure"  or,  even 
worse,  no  comment  at  all  are  far  too  common.  Two 
auxiliary  methods  of  electronic  characterization  are 
quite  valuable  for  metals  and  semiconductors;  electrical 
residual  resistance  ratio  (RRR)  and  carrier  concentra- 
tion, respectively.  The  residual  resistance  ratio  is  the 
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ratio  of  the  resistance  at  0  °C  to  the  residual  electrical 
resistance  (usually  at  4  kelvin),  Rq  "c/R-i  k-  This  ratio 
accurately  reflects  the  degree  of  perfection  of  metallic 
specimens;  the  higher  the  ratio,  the  more  perfect  the 
specimen.  Commercial  metals  have  ratios  from  2  to  10 ; 
moderately  pure  metals  (0.01  at  percent  impurities) 
have  ratios  in  the  hundreds;  for  very  pure  metals  (a 
few  ppm  impurities)  the  ratios  may  be  in  the  thou- 
sands. The  ratios  reflect  physical  imperfections  as  well 
as  chemical  ones,  but  for  common  materials  imperfec- 
tions are  dominant  in  increasing  residual  electrical  re- 
sistance. In  some  instances,  researchers  use  298  K  or 
other  temperatures  instead  of  0  °C.  for  the  upper  tem- 
perature. In  this  compilation  the  upper  reference  tem- 
perature for  the  ratio  is  enclosed  in  parentheses  if  it  is 
not  0  °C.  The  carrier  concentration,  either  n,  p,  or  net, 
is  indicated  for  many  semiconducting  specimens.  This 
concentration  also  reflects,  for  semiconductors,  the  in- 
fluence of  chemical  imperfections  or  dopants. 

Handbook  and  trade  journal  values  quoted  for  com- 
mercial metals  and  alloys  usually  provide  only  nominal 
compositions;  the  actual  compositions  and  thermal  his- 
tories may  vary  within  controlled  limits  (not  noted  in 
our  composition  column). 

The  third  column,  labeled  Remarks,  contains  the  in- 
formation that  we  felt  was  necessary  for  interpreting  the 
data  or  characterizing  the  specimens.  The  amount  of  in- 
formation included  in  the  Remarks  column  depended 
mainly  on  the  thoroughness  of  each  reference.  There 
were  extremes  in  characterization,  with  minimum 
characterization  being  much  more  frequent  than  the 
more  desirable  thorough  discussion.  Specifically,  in- 
cluded in  the  column  was  information  on  the  methods 
of  preparation,  mechanical  treatment,  thermal  history, 
and  auxiliary  physical  characterizations  such  as  hard- 
ness. If  the  heat  flow  was  significantly  affected  by 
boundary  scattering  (as  it  can  be  for  pure  valence 
crystals  at  very  low  temperatures)  then  the  dimensions 
and  surface  conditions  were  noted.  If  the  reference  in- 
cluded important  auxiliary  tables  or  graphs  on  special 
thermal  effects,  influences  of  magnetic  fields,  separation 
of  conduction  mechanisms,  etc.,  then  such  information 
was  also  mentioned  as  being  included  in  the  referenced 
paper.  For  commercial  metals  and  alloys  this  column 
includes  common  code  designations  and  trade  names. 
Similarly,  trade  names  are  included  for  many  of  the 
polymers.  Many  of  the  measured  specimens  were  single 
crystals;  for  those,  information  on  the  crystal  orienta- 
tion is  included. 

In  several  cases,  not  all  available  data  are  plotted  in 
the  graphs,  in  order  to  keep  the  figures  from  becoming 
too  crowded.  In  such  circumstances,  the  Remarks  col- 
umn indicates  semiquantitatively  where  the  curves 
would  lie,  e.g.,  5  percent  below  a  specific  curve.  When 
several  authors  report  nearly  identical  values,  the  later 
references  are  usually  given  only  in  the  tables. 

The  next  to  last  column,  Code,  has  a  double  letter- 
number  code  indicating  information  on  the  experimental 
methods  used  and  on  the  physical  phenomena  observed, 
which  are  explained  in  detail  in  the  next  sections. 

The  last  column.  References,  is  self-explanatory.  The 
bibliography  at  the  end  of  the  Monograph  is  arranged 


alphabetically  by  the  name  of  the  first  author.  Wherever 
there  are  multiple  references  by  the  same  authors,  the 
papers  are  listed  chronologically  with  an  (a),  (b),  or 
(c)  as  necessary  if  more  than  one  paper  was  published 
in  a  given  year. 

2.2.  Experimental  Methods 

Seven  aspects  of  experimental  thermal  conductivity 
measurements  have  been  selected  for  special  considera- 
tion: (A)  general  method,  (B)  type  of  specimen,  (C) 
gradient  heater,  (D)  differential  thermometer,  (E)  cali- 
bration or  reference  thermometers,  (F)  thermal  isola- 
tion, and  (G)  estimated  inaccuracy.  The  categories 
within  each  item  are  given  in  table  2.2.1.  and  are  de- 
scribed in  detail  in  this  section.  The  information  given 
is  intended  to  only  be  a  guide.  As  noted  later,  thorough 
discussions  of  special  experimental  methods  have  been 
given  by  some  of  the  more  experienced  and  careful  ex- 
perimentalists and  reviews  of  methods  are  included  in 
articles  by  White  [4]  (for  low  temperatures)  and  by 
Laubitz  and  McElroy  [5]  and  several  authors  in  refer- 
ence [6]  (room  temperature  and  higher) . 

Table  2.  2. 1.  Code  for  experimental  methods 

A.  General  method 

1.  linear  heat  flow  (steady  state) — vacuum 

2.  diffusivity — plate 

3.  diffusivity  (pulse  method;  non  steady-state) 

— rod 

4.  self -heating  (Kohlrausch) 

5.  Forbes  (linear  heat  flow  with  gas) 

6.  comparative 

7.  guarded  flat  plate  or  sphere 

8.  radial  heat  flow 

9.  indirectly  from  thermoelectric 

B.  Type  of  specimen 

1.  long  cylinder 

2.  short  cylinder  (parallelepiped) 

3.  irregular 

4.  flat  plate  or  sheet 

5.  wire 

6.  tube 

C.  Gradient  heater 

1.  electrical  heater 

2.  fluid  heater  or  measured  heat  sink 

3.  self-heat  by  electrical  current 

4.  irradiation  heating 

5.  electromagnetic  field 

D.  Differential  thermometer  (number  of  stations) 

1.  thermocouple 

2.  metal  resistance  thermometer 

3.  semiconductor  resistance  thermometer 

4.  gas 

5.  vapor  pressure 

6.  susceptibility 

7.  liquid  in  glass 
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E.  Calibration  or  reference  thermometers 


1.  thermocouple 

2.  metal  resistance  thermometer 

3.  semiconductor  resistance  thermometer 

4.  gas 

5.  vapor  pressure 

6.  susceptibility  (paramagnetic  salts) 

7.  mercury 

8.  assumed  bath  temperature 

F.  Thermal  isolation 

1.  gradient  shield  and  insulation 

2.  gradient  shield  only 

3.  isothermal  shield  and  insulation 

4.  isothermal  shield  only 

5.  nothing 

G.  Estimated  inaccuracy 

1.  <2% 

2.  2-5% 

3.  >5% 

A.  General  Method 

The  thermal  conductivity  of  solid  materials  below  300 
kelvin  covers  values  over  six  orders  of  magnitude,  as 
can  be  seen  on  figure  2.1.1.  One  may  choose  from  sev- 
eral different  experimental  methods  of  measuring  ther- 
mal conductivity.  No  one  single  method  is  suitable 
because  of  the  large  range  of  values  encountered  and 
the  different  types  of  materials  measured.  Of  the  nearly 
600  references  that  were  coded  for  general  method,  the 
steady-state  linear  heat  flow  method  (A-1)  was  by  far 
the  most  often  used,  being  used  in  almost  84  percent 
of  the  papers.  Five  percent  of  the  authors  used  the 
Kohlrausch  method.  The  comparative,  diflusivity  (rod), 
guarded  flat  plate  or  sphere,  Forbes,  bar,  radial  heat 
flow,  diffusivity  (plate),  and  indirect  thermoelectric 
methods  are  infrequently  used.  Data  derived  from  the 
diffusivity  and  indirect  thermoelectric  methods  were 
referenced  only  if  there  were  no  other  data  for  the  given 
material.  The  three  most  important  basic  methods  will 
be  briefly  described.  Similarities  between  the  remaining 
methods  will  also  be  discussed. 

1.  Linear  heat  flow 

The  basic  setup  of  this  most  common  method  assumes 
that  the  heat  is  conducted  unidirectionally,  usually  along 
a  rod  of  a  uniform  cross  section.  In  figure  2.2.2.  T\  and 
T2  represent  temperature  sensors,  I  is  the  distance  be- 
tween the  temperature  sensors,  and  A  is  the  cross  section 
of  the  specimen.  The  mean  thermal  conductivity  is  de- 

rived  from  the  equation  Q  =  K{T)   ^  AT,  presupposing 

there  are  no  heat  losses  or  generation  along  the  length 
of  the  rod.  The  specimen  is  usually  in  the  form  of  a  rod 
whose  form  factor,  l/A,  is  selected  to  allow  accurate 
results  for  the  particular  type  of  material. 


0.1       1.0       10      100  1000 
TEMPERATURE,  K 


Figure  2.2.1.   Thermal  conductivity  variations  of  metals  and 

alloys    (  ),    electrical    insulators    (  ), 

and  a  semi-conductor  ( • — • — ■). 
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Figure  2.2.2.  Schematic  for  axial-flow  steady-state 
measurements. 
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In  order  to  keep  the  heat  flow,  Q,  small  enough  for 
reasonable  thermal  stability  and  i^A  large  enough  to 
measure  accurately,  and  yet  small  enough  not  to  smooth 
out  variations  in  thermal  conductivity,  the  form  factor 
must  vary  for  different  materials.  For  example,  IjA 
may  be  as  much  as  1000  cm""^  for  a  pure  metal,  where 
the  rod  diameter  may  be  one  to  two  millimeters  and 
length  several  centimeters;  whereas  for  nonconducting 
materials,  like  glasses,  diameters  may  reach  1  cm  and 
Ij  A  becomes  less  than  10.  Good  thermal  stability  and 
optimum  temperature  differences  can  be  obtained  when 

the  product  K-Ahas  values  near  0.1  ^^""^"^  . 

K 

A  recent,  accurate  apparatus  employing  this  method 
is  described  by  Hust,  Powell,  and  Weitzel  [7]  (see  fig. 
2.2.3) .  The  specimens  are  about  23  cm  in  length.  Liquid 
helium,  liquid  and  solid  hydrogen,  liquid  and  solid 
nitrogen,  solid  carbon  dioxide,  and  ice  are  all  used  to 
cool  a  heat  sink  thermally  connected  to  a  floating,  con- 
trolled heat  sink  to  which  the  specimens  are  attached. 
Surrounding  the  specimen  is  a  controlled  gradient  ther- 
mal shield  that  eliminates  radial  heat  transfer.  The  space 
between  the  specimen  and  the  shield  is  filled  with  an 
insulating  glass  fiber  that  minimizes  longitudinal  radi- 
ative heat  transfer.  The  apparatus  is  also  nearly  unique 
in  having  more  than  two  temperature  stations,  thus  al- 
lowing larger  temperature  spans  to  be  covered  with  a 
single  steady-state  run. 

For  a  description  of  other  axial  heat  flow  apparatus, 
especially  those  used  for  insulating  crystals,  see  for  ex- 
ample Holland  and  Rubin  [8],  Slack  [9],  and  Klein 
and  Caldwell  [10].  The  problem  of  measuring  the  con- 
ductivity of  solidified  gases  by  this  method  has  been  at- 
tacked successfully  by  Berman  et  al.  [11],  and  others. 

2.  and  3.  Diffusivity-plate  and  diffusivity-rod. 

Thermal  conductivity  values  deduced  from  nonsteady 
state  conditions  are  not  common,  but  two  methods  do 
exist  which  use  either  a  plate  or  a  rod  shaped  specimen. 
In  the  pulse  method,  pulses  of  heat  are  applied  to  one 
specimen  end  or  side,  and  the  temperature  along  the 
specimen  is  measured  as  a  function  of  time.  The  thermal 
conductivity  can  then  be  calculated  from  the  thermal 
diffusivity  equation  if  the  specific  heat  is  known.  Morri- 
son and  Sturgess  [12]  supplied  heat  to  their  disk-shaped 
specimens  by  laser  flashes.  Daney  [13]  used  a  novel 
approach  by  measuring  the  one-dimensional  freezing 
rate :  the  thermal  conductivity  of  the  solid  can  be  calcu- 
lated from  the  measured  freezing  rate  and  the  applied 
temperature  difference  as  a  liquid  near  the  triple  point 
is  frozen  axially  from  one  end. 

4.  Self-heating  (Kohlrausch) 

The  self-heating  (electrical  heating)  or  Kohlrausch 
method  relies  upon  the  direct  passage  of  an  electric  cur- 
rent through  the  specimen  to  supply  thermal  energy. 
The  thermal  conductivity  may  be  calculated  indirectly 
from  the  actual  measurement  of  the  electrical  conduc- 
tivity and  temperature  rise  at  various  points  on  the 
specimen.  The  theory  behind  the  method  was  developed 
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Figure  2.2.3.  The  axial  heat  flow  method  of  Hust,  Powell, 
and  Weitzel  [7]. 


by  Kohlrausch  [4]  and  by  Jaeger  and  Diesselhorst  [15] 
and  is  used  more  often  at  high,  rather  than  low,  tem- 
peratures. Jaeger  and  Diesselhorst  [15]  measured  many 
materials  at  291  K  using  this  method.  This  method  is 
difficult  to  use  accurately  if  either  the  thermal  or  elec- 
trical conductivities  vary  significantly  with  temperature, 

5.  Forbes 

The  Forbes'  method  is  similar  to  the  linear  heat  flow 
method  except  that  radial  heat  flow  along  the  specimen 
is  permitted  and  corrections  and  control  experiments 
are  applied  to  simulate  the  ideal  axial  heat  flow  condi- 
tions. Most  of  the  measurements  using  the  Forbes'  bar 
method  have  been  at  temperatures  above  300  K.  The 
dual  system  used  by  Flynn  and  O'Hagan  [16]  can  be 
used  to  make  measurements  by  both  the  Forbes'  bar  and 
Kohlrausch  methods.  To  measure  the  conductivity  by  a 
Forbes'  technique,  three  sets  of  readings  are  often 
taken:  an  "isothermal"  test  to  eliminate  spurious  heat 
flows,  an  "unmatched  guard"  test,  and  a  "matched 
guard"  test.  Laubitz'  [17]  method  for  using  the  Forbes' 
bar  technique,  one  of  the  most  accurate,  requires  four 
sets  of  readings. 
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6.  Comparative 


This  method  sacrifices  accuracy  for  simpHcity  in  setup 
and  ease  of  operation.  The  main  difference  between  this 
and  an  absolute  method  is  the  way  of  determining  the 
power  entering  the  specimen.  A  material,  known  as  a 
"standard,"  with  a  known  thermal  conductivity  is  used 
to  determine  the  power  input.  The  specimen  of  interest 
is  placed  next  to,  or  in  series  with,  the  standard,  and  a 
determination  of  the  different  temperature  gradients 
permits  calculation  of  comparative  thermal  conductivity 
values.  The  experimentalist  must  be  careful  to  insure 
that  the  conductivity  mismatch  between  the  specimen 
and  standard  is  not  too  large.  The  interfacial  resistance 
between  the  specimen  and  the  standard,  affecting  the 
temperature  distribution,  is  also  important.  R.  W.  Pow- 
ell and  JoUiffe  [18]  used  this  method  to  obtain  rapid 
conductivity  measurements  of  a  number  of  materials. 


7.  Guarded  flat  plate  or  sphere 

This  method  is  used  almost  solely  in  the  measurement 
of  poor  heat  conductors,  like  plastics  and  solidified  gases. 
The  thermal  conductivity  of  such  materials  is  so  low 
that  potential  heat  losses  in  the  apparatus  are  of  major 
importance.  Since  the  thermal  conductivity  of  some 
of  these  insulating  materials  is  influenced  by  pressure, 
the  apparatus  must  allow  for  any  possible  changes  in 
loading  factor  caused  by  thermal  expansion  or 
change  of  gas  pressure.  Conceptually  this  method 
is  quite  similar  to  the  axial  heat  flow  method,  except 
that  the  form  factor  l/A  is  very  much  smaller  and  aux- 
iliary heat  losses  tend  to  be  much  more  important. 

The  apparatus  by  Black  and  Glaser  [19]  (see  fig. 
2.2.4)  used  the  guarded  cold  plate  method.  The  sample 
is  located  in  an  evacuated  chamber  between  a  hot  plate 
and  a  double  guarded  cold  plate.  The  hot  plate  can  be 
maintained  at  any  temperature  between  77  and  500  K 
by  circulating  fluids,  and  the  cold  plate  can  have  cryo- 
genic fluids  maintain  a  temperature  between  20  and 
243  K.  Roder  [20]  used  a  flat-plate  cell  to  measure  the 
conductivity  of  solidified  cryogens  (see  fig.  2.2.5).  In 
his  apparatus  the  liquid  was  placed  under  an  appropri- 
ate pressure  to  maintain  a  solid  sample  several  milli- 
meters in  thickness  between  the  upper  and  lower  plates. 


8.  Radial  heat  flow 

Though  very  often  used  for  high  temperature  meas- 
urements, the  radial  heat  flow  method  has  been  used  in 
only  about  one  percent  of  the  low  temperature  meas- 
urements. As  in  the  axial  heat  flow  methods,  either  ab- 
solute or  comparative  methods  may  be  used.  R.  W. 
Powell  [21]  and  his  colleagues  refined  this  method  over 
many  years  (see  fig.  2.2.6) ,  and  it  is  often  used  for 
measurements  at  room  temperature  and  above.  Disks 
stacked  in  the  form  of  a  cylindrical  specimen  have  axial 
holes  drilled  through  them  to  provide  for  thermocouple 
entry  and  positioning.  The  operating  procedure  is  to 
move  a  thermocouple  probe  along  the  entire  length  of 
the  stacked  disks,  adjusting  the  end  guards  to  minimize 
axial  temperature  gradients.  A  disadvantage  of  this 
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Figure  2.2.4.  The  guarded  cold  plate  method  of  Black  and 
Glaser  [19] 
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Figure  2.2.5.   The  thermally  guarded  flat-plate  cell  of 
Roder  [20]. 
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C.  Gradient  Heater 


l^Movable  thermocouple 
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Figure  2.2.6.  The  radial  heat  flow  method  of  R.  W. 
Powell  [211 

technique  is  the  necessary  wait  for  the  system  to  reach 
equiUbrium  after  each  change  in  probe  position.  This 
apparatus  allows  the  determination  of  electrical  resis- 
tivity values  simultaneously  with  thermal  conductivity 
measurements.  An  apparatus  developed  at  the  Oak 
Ridge  National  Laboratory  [5]  avoids  the  problem  of 
probe  movement  by  having  many  thermocouples  in- 
stalled at  various  radial  and  axial  positions.  This  method 
is  especially  useful  for  removing  radiative  losses  for 
high  emissivity,  low  conductivity  specimens  at  high 
temperatures. 

B.  Type  of  Specimen 

The  type  or  shape  of  a  specimen  depends  both  upon 
the  material  and  upon  the  method  of  measurement.  The 
long  cylinder  shape  was  most  often  used,  particularly 
with  the  linear  heat  flow  method.  Most  cylinders  varied 
in  length  between  1  or  2  and  30  cm  and  in  diameter 
between  0.1  and  1  cm. 

Other  sample  shapes  also  were  used  in  several  dif- 
ferent methods  and  with  specimens  of  unusual  char- 
acteristics. The  short  cylinder,  whose  length  and  diam- 
eter were  similar  in  size,  was  used  mostly  in  the  linear 
heat  flow  apparatus,  although  its  use  in  a  comparative 
system  was  mentioned  often.  Surprisingly,  irregular 
shaped  specimens  were  also  occasionally  used,  especially 
for  single  crystals  of  semiconductors,  ionic  salts,  or 
valence  crystals.  Flat  plates  of  poor  conductors  like 
plastics  or  steels  were  used  mostly  in  a  guarded  flat 
plate  system.  Wires  of  high  purity  metals,  such  as  tung- 
sten, copper,  and  platinum,  were  used  in  the  Forbes, 
Kohlrausch,  and  linear  heat  flow  methods. 


In  low  temperature  thermal  conductivity  measure- 
ments the  most  common  means  of  creating  the  neces- 
sary flow  of  heat  in  a  specimen  was  to  use  an  electrical 
heater,  but  there  are  also  several  other  means  such  as 
fluid  heat  exchangers,  self-heating  by  an  electrical 
current  through  the  specimen,  or  heating  by  particle 
irradiation  or  alternating  electromagnetic  field. 

An  electrical  heater  was  used  in  over  90  percent  of 
the  experiments  coded  in  this  study.  The  heater  may 
be  formed  by  winding  a  small  coil  of  resistance  wire 
directly  to  one  end  of  the  specimen.  However,  the  most 
common  method  is  to  attach  a  coil  of  wire  or  a  resistor 
to  a  small  metal  block  which  is  in  turn  attached  to  the 
specimen.  The  heat  losses  by  conduction  along  the  lead 
wires  and  by  radiation  can  become  very  significant  and 
must  be  kept  small  relative  to  the  heat  conducted  in 
the  sample.  Hust  et  al  [7]  have  given  a  thorough  dis- 
cussion of  the  inaccuracies  that  may  be  caused  by  ex- 
traneous heat  losses.  Radiation  losses  become  especially 
significant  above  100  K. 

Application  of  heat  by  a  fluid  heat  exchanger  was 
used  in  about  5  percent  of  the  referenced  papers.  This 
type  of  heater  is  inherently  less  accurate  than  an  elec- 
trical heater  and,  in  addition,  has  the  drawback  of  not 
being  applicable  over  a  wide  temperature  range.  As  an 
example,  Wilkinson  and  Wilks  [22]  used  liquid  hydro- 
gen between  its  triple  point  and  normal  boiling  tem- 
perature to  supply  energy  to  a  specimen  which  was 
refrigerated  on  the  other  end  by  boiling  liquid  helium. 

Self-heating  by  an  electrical  current  passing  through 
the  specimen,  an  integral  part  of  the  Kohlrausch 
method,  was  used  in  5  percent  of  the  reference  papers. 
The  sample  must  first  of  all  be  an  electrical  conductor 
to  use  this  method.  Among  the  first  to  use  this  method 
were  Jaeger  and  Diesselhorst  [15],  who  attached  cop- 
per clamps  to  both  ends  of  their  specimen  and  applied 
a  current  of  up  to  350  A.  In  a  novel  experiment,  O'Day 
[23]  attached  both  ends  of  his  U-shaped  specimen  to 
copper  blocks  through  which  an  alternating  current 
was  supplied.  Flynn  [24]  and  Flynn  and  O'Hagan 
[16]  have  described  the  Kohlrausch  method. 

Heating  by  irradiation  has  been  very  seldom  used. 
Vook  [25],  however,  combined  the  conventional  elec- 
trical heater  method  with  heating  caused  by  high  en- 
ergy electron-bombardment. 

Heating  by  an  alternating  electromagnetic  field  is 
also  very  uncommon.  Garrett  [26]  has  described  such 
a  method  that  he  used  on  a  paramagnetic  crystal.  His 
specimen,  a  potassium  chrome  alum  salt  in  the  form  of 
a  long  single  crystal,  was  initially  demagnetized  from 
a  uniform  magnetic  field,  making  its  temperature  uni- 
form. Then  a  temperature  gradient  was  established  by 
applying  a  nonuniform  magnetic  field  along  the  crystal 
axis;  after  a  uniform  temperature  was  attained,  the 
magnetic  field  was  removed,  setting  up  a  temperature 
gradient  in  the  opposite  direction. 

D.  Differential  Thermometer 

A  variety  of  temperature  measurement  methods  ex- 
ist; while  some  are  much  better  than  others,  each  still 
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has  special  problems  associated  with  it.  The  accuracy 
of  a  set  of  thermal  conductivity  data  can  often  be  esti- 
mated by  finding  out  what  type  of  thermometer  was 
used  in  the  experiment.  At  the  same  time,  concern 
over  whether  absolute  temperatures  or  temperature 
differences  are  important  must  be  considered  by  the 
experimentalist.  The  number  of  thermometer  stations 
attached  to  each  specimen  appears  in  parentheses  in 
the  code.  Low-temperature  thermometry  has  been  dis- 
cussed in  books  by  White  [27]  and  Scott  [28] . 


1.  Thermocouple 

The  most  used  method  of  temperature  measurement 
was  by  thermocouples,  quoted  in  nearly  50  percent  of 
the  methods.  Many  times  an  experimenter  would  use 
two,  and  perhaps  three,  sets  of  different  thermometers 
to  cover  certain  temperature  ranges,  and  the  thermo- 
couples were  usually  included  as  one  of  the  sets. 

Thermocouples  are  a  convenient  size  and  have  a 
short  response  time.  They  can  be  used  over  a  large 
temperature  range;  Hust,  Powell,  and  Weitzel  [7] 
used  ISA  Type  KP  versus  Au-Fe  (Au— 0.07  at.  %  Fe) 
thermocouples  for  measurement  between  4  and  300  K. 
The  number  of  stations  used  by  experimenters  varied 
between  2  and  15  (used  by  Laubitz  and  Cotnam  [29] 
on  their  Ni-alloy  specimen),  with  most  experimenters 
using  two  or  three  stations. 


2.  and  3.  Metal  resistance  and  semiconductor  resistance 
thermometers 

Electrical  resistance  is  a  characteristic  that  is  meas- 
ured easily  and  it  is  quite  reproducible.  A  metal  re- 
sistance thermometer,  of  which  platinum  is  the  most 
commonly  used,  can  be  used  with  good  results  down 
to  10  K;  below  10  K  impurity  scattering  causes  the 
electrical  resistance  to  become  relatively  insensitive  to 
temperature.  Thermometers  of  good  quality  are  obtain- 
able from  commercial  sources,  or  they  can  be  made  in 
the  laboratory.  Standard  equations  and  interpolation 
formulas  given  in  the  IPTS  (1968)  are  used  to  specify 
the  resistance/ temperature  relation  for  platinum  ther- 
mometers. 

Semiconductor  resistance  thermometers  provide  good 
sensitivity  at  the  lower  temperatures.  Carbon  ther- 
mometers can  be  made  from  commercial  radio  resistors, 
and  colloidal  suspensions  of  graphite  painted  on  a  sub- 
strate will  make  a  carbon  film.  The  instability  on  ther- 
mal cycling  is  the  major  drawback.  Sharma  [30]  used 
two  carbon  resistors  to  measure  the  temperature  gra- 
dient along  his  specimens  down  to  0.4  K.  Germanium 
and  silicon  semiconductors  are  completely  reproducible 
and  also  make  good  thermometers  below  60  K  for 
measuring  absolute  temperatures  and  temperature  dif- 
ferences. 

Of  the  various  resistive-type  thermometers,  carbon 
films  are  most  convenient  to  use  below  0.5  K;  bulk 
carbon  or  germanium,  from  there  up  to  60  K;  and 
platinum,  from  20  K  to  room  teihperature. 


4.  Gas 

The  relative  ease  of  calibrating  gas  themometers, 
especially  for  differential  measurements,  combined  with 
an  earlier  lack  of  standardized  thermocouples  or  ger- 
manium thermometers,  led  to  the  use  of  gas  thermom- 
eters by  15  percent  of  the  referenced  authors.  They 
have  been  used  by  deHaas  and  Rademakers  [31], 
White  [32],  and  Rosenberg  [33]  between  2  and  200 
K.  They  are  independent  of  magnetic  fields  and  can 
be  directly  read  from  pressure  gages  and  differential 
transducers,  and  they  can  give  results  in  terms  of  ab- 
solute temperature  or  adapted  to  differential  thermom- 
etry. A  good  discussion  on  gas  thermometer  construc- 
tion and  different  setups  appears  in  White  [27] . 

Construction  of  gas  thermometers  depends  upon 
bulbs  of  certain  size  that  are  filled  with  gas  at  an  ad- 
justable pressure.  Corrections  for  differences  in  tem- 
perature distribution  along  the  gas  inlet  tubes  are  diffi- 
cult but  necessary.  Bulb  pressure  can  be  adjusted  to 
provide  high-accuracy  response  in  different  tempera- 
ture regions. 

Since  1960,  use  of  gas  thermometers  has  dropped 
off  because  of  availability  of  reliable  thermocouple 
and  germanium  thermometers. 

5.  Vapor  pressure 

Vapor  pressure  thermometers  usually  indicate  the 
vapor  pressure  of  the  system  refrigerants.  The  vapor 
pressures  of  liquid  helium,  hydrogen,  oxygen,  and  ni- 
trogen have  been  tabulated  in  easily  obtained  refer- 
ences. Corrections  are  required  for:  slight  impurities 
like  oxygen  in  the  system,  temperature  difference  be- 
tween the  barometric  column  and  the  standard  column, 
and  slight  gravity  differences.  Again,  White  [27]  has  a 
good  discussion  on  this  method  of  measurement.  Their 
main  disadvantage  is,  of  course,  their  limited  tempera- 
ture ranges. 

6.  Susceptibility 

Few  systems  have  used  magnetic  susceptibility  ther- 
mometers. Their  usefulness  exists  primarily  at  low  tem- 
peratures, around  and  below  1  K,  although  they  have 
been  used  as  high  as  30  K.  The  susceptibilities  of  some 
paramagnetic  substances  follow  the  "ideal"  Curie  or 
Curie-Weiss  laws  close  enough  to  allow  accurate  ther- 
mometry. Bijl  [34]  discusses  magnetic  thermometry 
along  with  his  conductivity  measurements  on  chromium 
potassium  alum.  Important  problems  encountered  be- 
low 0.3  K  for  most  of  these  thermometers  are  the  non- 
ideality  when  the  interaction  energy  between  para- 
magnetic spins  become  comparable  with  the  total 
energy,  and  the  measured  magnetic  temperature  be- 
gins to  depart  from  the  true  thermodynamic  tempera- 
ture. 

7.  Liquid  in  glass 

This  very  old  thermometry  method  was  outdated  for 
thermal  conductivity  measurements  after  1900.  One  of 
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the  last  to  use  this  type  of  thermometer  was  Lorenz 
[35],  who  used  a  set  of  nine  in  his  Forbes'  bar  ap- 
paratus. 

E.  Calibration  or  Reference  Thermometers 

Although  the  existence  of  a  calibration  or  reference 
thermometer  within  an  experimental  apparatus  is  im- 
portant, a  large  number  of  the  authors  felt  it  unimpor- 
tant to  make  mention  of  it.  Less  than  50  percent  of  the 
referenced  papers  reported  their  method  of  calibration 
for  their  gradient  thermometers.  One-third  of  those  re- 
porting specific  types  of  calibration  thermometers  used 
a  vapor  pressure  thermometer;  twenty  percent,  a  ref- 
erenced thermocouple;  twenty  percent,  a  gas  ther- 
mometer, ten  percent,  a  metal-resistance  thermometer; 
the  other  methods  were  each  used  less  than  ten  percent 
of  the  time. 

The  mechanics  of  a  calibration  or  reference  ther- 
mometer is  identical  to  those  thermometers  used  to 
measure  a  temperature  gradient.  However,  the  main 
purpose  of  these  thermometers  is  to  act  as  a  calibration 
point  or  absolute  temperature  reference  for  those  gradi- 
ent thermometers.  These  thermometers  are  stationed 
usually  near  the  top  of  the  cryostat  in  which  the  speci- 
men is  held. 

Similar  to  the  gradient  thermometer,  the  specific 
calibration  thermometer  is  usually  better  in  one  tem- 
perature range.  For  this  reason  many  of  those  authors 
who  indicated  their  calibration  method  actually  used 
two  or  more  calibration  or  reference  thermometers. 
And  usually  the  calibration  thermometer  was  of  a 
different  type  from  the  gradient  thermometer  used  in 
the  same  apparatus.  Often  the  gradient  thermometers 
were  calibrated  in  other  apparatus  prior  to  installation 
in  the  thermal  conductivity  apparatus. 

F.  Thermal  Isolation 

Factors  such  as  gas  conduction,  wire  conduction,  and 
radiation  can  lead  to  significant  systematic  errors  in 
the  experimental  determinations.  Gas  conduction  errors 
can  be  significantly  reduced  by  evacuating  the  system 
to  at  least  10""^  mm  Hg.  Several  different  methods  of 
treating  heat  losses  by  lead  wire  conduction  and  radia- 
tion involve  surrounding  the  specimen  with  a  thermal 
shield,  which  is  usually  isothermal.  To  make  the  shield- 
ing more  effective,  the  bottom,  middle,  and  top  of  the 
shield  should  be  held  at  approximately  the  same  tem- 
perature as  the  specimen  at  the  corresponding  position. 

An  isothermal  shield  simply  surrounding  the  speci- 
men can  be  a  piece  of  aluminum  foil  (Klein  and  Cald- 
well [36])  or  a  copper  radiation  shield  (Rosenberg 
[33]  ) .  More  elaborate  is  the  shield  used  by  R.  Herman 
[37]  where  it  is  made  in  three  sections.  The  base  is 
hard  soldered  to  one  section  which  is  also  permanently 
attached  to  the  collar  around  the  heat  sink.  The  other 
two  sections  are  put  in  position  after  the  specimen  has 
been  mounted  and  are  soldered  to  the  top  and  to  the 
bottom  of  the  chamber.  The  sections  of  the  radiation 
shield  are  not  soldered  to  one  another  so  that  the  gas 
pressure  inside  the  shield  is  the  same  as  that  inside  the 


surrounding  vacuum  jacket.  The  edges  of  the  sections 
overlap,  however,  so  that  no  radiation  reaches  the 
specimen  from  outside  the  shield.  The  method  of  sur- 
rounding the  specimen  with  just  an  isothermal  shield 
was  used  by  over  three-fourths  of  those  who  described 
their  experimental  apparatus. 

A  gradient  shield  is  a  considerable  improvement  over 
an  isothermal  shield  since  heat  losses  by  radiation  are 
further  cut.  The  gradient  shield  used  by  R.  L.  Powell 
and  co-workers  [38]  has  a  copper  fastening  ring  at 
the  top  to  provide  a  good  thermal  contact  to  the  heat 
sink  when  the  shield  is  bolted  in  place.  The  bottom  is 
also  made  of  copper  to  provide  a  nearly  isothermal 
region  surrounding  the  specimen  heater.  The  longer 
intermediate  section  of  the  shield  is  made  of  thin  stain- 
less steel  to  reduce  the  power  input  necessary  to  main- 
tain any  given  temperature  gradient.  Three  heaters, 
located  at  the  bottom,  midpoint,  and  near  the  top,  are 
wrapped  on  the  shield  to  supply  power  necessary  to 
maintain  this  proper  thermal  gradient.  The  tempera- 
ture difference  between  the  specimen  and  a  horizontally 
opposed  point  on  the  shield  is  measured  by  differential 
thermocouples.  Heaters  on  the  shield  bring  about  ther- 
mal balance  between  the  shield  and  the  specimen.  Also, 
this  shield  is  split  vertically  in  two,  to  allow  rotation  of 
the  front  half  during  mounting  and  assembling  of  the 
specimen.  The  two  halves  are  bolted  together  near  the 
top,  and  a  copper  bar  is  soldered  across  the  bottom  to 
improve  thermal  contact. 

In  both  cases,  with  either  the  isothermal  or  gradient 
shield,  either  the  space  between  the  shield  and  speci- 
men can  be  left  vacant,  or  the  specimen  can  be  sur- 
rounded by  a  powder  or  fiber  insulation  to  further 
reduce  a  heat  loss.  However,  there  can  be  significant 
longitudinal  radiative  losses,  even  with  a  gradient 
shield,  if  there  is  no  radiative  insulation  between 
the  specimen  and  the  shield.  It  is  important  to  rec- 
ognize the  possibility  of  the  surrounding  insulation 
acting  as  a  heat-shunt  to  the  specimen.  The  heat  that 
supports  the  longitudinal  temperature  gradient  in  the 
insulation  adjacent  to  the  specimen  comes  from  the 
specimen  and,  if  not  corrected  for,  will  lead  to  high 
conductivity  values.  Hust  and  co-workers  [7]  used 
glass  fiber  radiation  shielding  around  the  specimen 
necessary  for  extending  the  measurements  above  120  K. 

G.  Estimated  Inaccuracy 

The  most  exact  and  quantitative  specification  for  ex- 
perimental method  coding  should  be  the  estimated  in- 
accuracy, but  it  is  just  the  opposite.  The  total  uncer- 
tainty for  thermal  conductivity  values  consists  of  con- 
tributions from  systematic  bias,  experimental  impre- 
cision, material  variability,  and  mathematical  analysis 
errors.  In  nearly  all  experimental  reports  the  quoted 
inaccuracy  only  refers  to  the  experimental  imprecision 
component,  and  even  that  is  usually  overoptimistic. 
Errors  caused  by  systematic  bias  and  material  vari- 
ability are  nearly  always  much  greater  than  those  due 
to  experimental  imprecision.  We  estimated  the  total 
imprecision  in  a  relatively  subjective  manner,  but  as 
fairly  as  we  could.  In  making  this  estimate,  many  con- 
siderations were  kept  in  mind,  including  specimen  size 
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and  characterization,  experimental  method,  analysis 
method,  temperature  range,  thermal  shielding  control 
experiments  (nearly  always  absent),  and  comparisons 
to  other  experiments.  Very  seldom  is  the  true  inaccu- 
racy or  uncertainty  less  than  2  percent!  Two  recent 
papers  have  given  a  good  discussion  of  systematic  ex- 
perimental errors  and  their  analysis,  Laubitz  and  Mc- 
Elroy  [5] ,  and  Hust  et  al.  [7]  . 

2.3.     Physical  Phenomena 

A  majority  of  the  thermal  conductivity  measurements 
were  made  in  order  to  elucidate  one  physical  phenome- 
non or  another,  rather  than  to  merely  obtain  handbook 
data.  Even  then,  most  of  the  research  reports  that  em- 
phasized design  data  also  included  significant  discus- 
sions on  interpretation  of  physical  mechanisms  for  heat 
transport.  We  have  therefore  included  in  the  coding  a 
large  number  of  designations  for  the  different  effects. 
Generally  speaking  we  coded  directly  from  the  auhors' 
discussions  and  did  not  analyze  the  reported  measure- 
ments. There  were  exceptions:  in  some  reports  the  par- 
ticular phenomena  were  clearly  there,  but  not  noted 
by  the  author;  in  others,  the  authors  were  clearly  mis- 
taken in  their  interpretations  or  included  unwarranted 
analyses  based  on  experimental  errors. 

The  best  general  discussions  of  thermal  conductivity 
theory  have  been  given  by  Klemens  [39],  Rosenberg 
[40],  and  Ziman  [41].  Because  those  references  are 
so  good  for  the  general  concepts  we  will  not  include  a 
detailed  theoretical  discussion  of  the  various  physical 
phenomena  and  interactions.  In  addition  to  the  general 
book  references  listed  above,  most  experimental  papers 
will  reference  the  best  theoretical  papers  on  each  phe- 
nomenon. 

Because  much  of  the  interest  in  thermal  conductivity 
is  directed  toward  metals  and  alloys,  we  include  a  brief 
conceptual  description  of  conduction  mechanisms  in 
those  solids.  With  even  a  brief  glance,  it  is  easy  to  see 
that  there  are  extreme  variations  in  both  the  ampli- 
tudes and  the  temperature  dependencies.  There  is  how- 
ever an  order  within  the  varity  of  values  and  it  is 
possible  to  interpret,  or  even  predict,  values  if  one 
properly  utilizes  knowledge  of  the  fundamental  phe- 
nomena. 

Two  parallel  interdependent  mechanisms  are  pri- 
marily responsible  for  the  transport  of  heat  in  a  metal 
at  low  temperatures.  The  first  and  most  important  is 
the  electronic  thermal  conduction,  the  transport  of 
thermal  energy  by  the  motion  of  conduction  electrons. 
The  second  is  the  lattice  thermal  conduction,  heat  trans- 
port by  directional  cooperative  quantized  vibrations 
(called  phonons)  of  the  thermally  excited  interacting 
lattice  ions.  These  are  the  same  phonons  that  are  re- 
sponsible for  the  observed  specific  heats  and  thermal 
expansions  in  metals.  For  pure  metals  and  dilute  alloys, 
the  lattice  thermal  conductivity  is  very  much  smaller 
than  the  electronic  thermal  conductivity.  For  alloys 
with  several  percent,  or  more,  of  additives,  the  de- 
creased electronic  thermal  conductivity  allows  the  lat- 
tice contribution  to  become  significant,  though  it  is 
still  small  compared  to  the  electronic  contribution.  For 
most  metals  and  alloys,  the  total  conductivity,  K,  is  the 


sum  of  two  terms,  the  electronic  conductivity.  Kg,  and 
the  lattice  conductivity,  Kg  (the  subscript  g  stands  for 
Gitter,  the  German  word  for  lattice)  ;  that  is, 
K  =  Kc  -\-  Kg.  This  equation  is  analogous  to  the  one 
used  in  electrical  circuit  theory  for  the  total  conduc- 
tance of  two  conductances  in  parallel.  Both  conduction 
mechanisms.  Kg  and  Kg,  are  limited  by  various  scat- 
tering processes,  each  process  acting  additively  as  a 
separate  resistance  in  series.  A  representation  of  the 
analog  is  given  in  figure  2.3.1. 
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Figure  2.3.1.  Electrical  analog  for  thermal  conduction. 

(The  dasheti  lines  with  arrows  indicate  resistance  that  depend  on  the  same 
basic  scattering  phenomena.) 


There  are  two  main  scattering  processes  that  limit 
the  electronic  conductivity  in  the  above  expression.  The 
first  is  the  scattering  of  conduction  electrons  by  ther- 
mal vibrations  of  the  lattice  (the  phonons  again),  as 
represented  by  the  electron-phonon  resistivity,  Wl,  a 
characteristic  property  for  a  given  metal.  This  scatter- 
ing is  most  important  at  intermediate  temperatures 
(about  40  to  80  K)  and  higher.  Various  aspects  of  the 
electron-phonon  interactions  are  coded  with  the  letter 
L.  The  second  process  is  the  scattering  of  conduction 
electrons  by  imperfections  (both  impurity  atoms  and 
lattice  defects),  as  represented  by  the  electron-defect 
resistivity,  Wq.  This  scattering  is  most  important  at 
the  lower  temperatures.  Electron-imperfection  inter- 
actions are  coded  under  the  letter  M  in  general;  how- 
ever, some  special  effects  such  as  magnetic  field  de- 
pendence are  included  under  N.  The  reciprocal  of  the 
total  electronic  thermal  conductivity,  K^,  is  the  total 
electronic  thermal  resistivity.  We,  which  is  assumed  to 
be  the  sum  of  the  two  resistivities,  Wl  and  Wq,  plus  a 
small  deviation  term,  Wlo;  that  is,  l/Ke  =  We  =  Wl 
-fWo  +  Wlo-  This  equation  is  analogous  to  the  one 
used  in  electrical  circuit  theory  for  the  total  resistance 
of  resistances  in  series. 

The  deviation  term  has  been  studied  theoretically  by 
Kohler  [42]  and  independently  in  experiments  by 
Powell  et  al.  [43].  It  is  of  the  form:  Wlo  =  oWlWo/ 
(jSWl  +  yWo),  where  a,  /?,  and  y  are  constants  of 
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Order  1  and  can  be  determined  experimentally.  Though 
theoretically  significant,  the  term  is  numerically  im- 
portant only  for  very  pure  metals.  This  effect  is  coded 
under  N-1. 

Whenever  the  interaction  term  Wlo  is  negligible,  the 
thermal  equivalent  of  Matthiessen's  rule  for  electrical 
resistivity,  We  =  Wl  +  Wo,  is  approximately  correct. 
A  graph  of  this  relation  and  its  equivalent  for  con- 
ductivity are  given  in  figure  2.3.2.  With  knowledge  of 
the  two  separate  terms,  prediction  of  the  total  electronic 
thermal  resistivity  becomes  reasonable. 

Both  theoretical  and  experimental  research  have  led 
to  expressions  for  magnitudes  and  temperature  de- 
pendences of  the  electron-phonon  and  electron-defect 
resistivities: 

Wl  =  AT""  (ft  2  to  3,  r  <  40  K)  ;  Wl  a  constant 
(near  room  temperatures)  ;  Wq  =  B/T  (at  all  temper- 
atures). The  constant  A  in  the  electron-phonon  resis- 
tivity term  is  related  to  the  intrinsic  properties  (includ- 
ing the  characteristic  temperature,  ^)  of  a  given  metal 
and  will  not  change  for  minor  additions  of  chemical 
impurities  or  physical  imperfections.  The  constant  B 
in  the  electron-defect  resistivity  term  is  related  to  the 
given  amount  of  imperfections  and  residual  electrical 
resistivity  of  the  specific  specimen.  Above  100  K.  the 
electron-phonon  resistivity  approaches  a  constant  value, 
often  labeled  Woo. 

The  shapes  of  the  curves  for  aluminums  in  figure 
24a  in  the  main  set  of  graphs  are  typical  of  pure 
metals:  electronic  thermal  conductivity  is  predominant 
and  lattice  thermal  conductivity  is  negligible.  For  a 
metal  specimen  with  no  chemical  impurities  or  physical 
defects,  the  electron-phonon  scattering  component 
caused  by  the  thermally  excited  ionic  lattice,  Wl,  gov- 
erns the  temperature  dependence  of  the  conductivity. 


1.0 


> 


«2  S 

<  « 

a: 

UJ 

E  .01 


^  100 

> 


o 

3  St 
O  "  10 

s 


T  1  1 — I    I  I  I  I  I  1  1  1 — I    I  I  I  h 


Wl=  at 


K     Ko   Kl  _ 


J  I  I  I    I    I  I  I 


I      I     I    I   I  I  I 


5  10 

TEMPERATURE,  K 


50 


100 


Figure  2.3.2.  Matthiessen's  rule  for  thermal  resistivity  (a)  and 
thermal  conductivity  (b)  of  copper. 


As  the  temperature  is  lowered,  the  electronic  thermal 
resistivity  decreases  approximately  proportionally  to  ; 
the  thermal  conductivity  rises  equivalently.  Super- 
imposed on  this  decreasing  ideal  electron-phonon  re- 
sistivity is  the  electron-defect  resistivity  which  increases 
as  the  temperature  is  decreased.  At  a  minimum  in  the 
thermal  resistivity  curve  or  maximum  in  the  conduc- 
tivity curve,  the  two  scattering  mechanisms  are  ap- 
proximately equal.  At  higher  temperatures,  electron- 
phonon  scattering  is  predominant;  at  lower  tempera- 
tures, electron-defect  scattering  is  predominant.  The 
defects  that  limit  thermal  conductivity  at  low  tempera- 
tures can  be  quite  varied:  chemical  impurities,  inclu- 
sions, vacancies,  interstitial  atoms,  dislocations,  grain 
boundaries,  external  surface  boundaries,  and  so  on. 
Fortunately,  for  all  but  the  surface  boundaries  the  scat- 
tering resistivity  has  the  same  temperature  de- 
pendence, the  BjT  mentioned  earlier.  The  boundary 
scattering  is  difficult  to  investigate  and  can  be  observed 
only  in  extremely  pure  metals  at  very  low  temperatures. 

At  the  present,  it  is  not  possible  to  predict  accurately 
the  thermal  conductivity  of  pure  metals  on  the  sole 
basis  of  their  chemical  analyses  or  physical  specifica- 
tions. The  effect  of  each  kind  of  chemical  impurity  is 
specific.  Among  other  things,  it  depends  on  magnetic 
interactions  and  the  differences  between  host  and  im- 
purity in  ionic  mass,  ionic  volume,  and  valence  elec- 
trons. A  great  deal  of  work  has  been  done  on  the  spe- 
cific effects  of  impurities  in  electrical  resistivity,  but 
little  has  been  done  in  thermal  conductivity.  Sometimes 
even  a  chemical  analysis  is  not  of  great  help;  a  given 
impurity  is  much  more  effective  as  a  scatterer  if  it  is 
in  solid  solution  rather  than  segregated  at  grain  bound- 
aries or  in  inclusions.  This  segregation  effect  is  very 
jironounced  in  commercial  coppers  [44] .  Similar  in- 
terpretive difficulties  arise  for  physical  defects. 

The  variations  of  thermal  conductivity  caused  by 
relatively  minor  chemical  impurities  or  physical 
imperfections  are  in  sharp  contrast  to  the  relative  in- 
sensitivity  to  defects  observed  in  thermal  expansions  or 
specific  heats.  Successful  prediction  of  thermal  conduc- 
tivity, within  about  10  to.  20  percent,  is  dependent  on 
a  skillful  analysis  of  the  probable  scattering  mecha- 
nisms and  the  availability  of  experimental  results  on  a 
very  similar  metal  or  alloy.  As  will  be  shown  later,  low- 
temperature  electrical  resistivity  data  are  also  very 
valuable  for  predicting  thermal  conductivity.  Much  of 
the  pioneering  experimental  work  on  the  separation  of 
thermal  conductivity  components  for  pure  metals  was 
done  at  the  Clarendon  Laboratory,  Oxford,  by  Rosen- 
berg [33]  and  others. 

A  comparison  of  figures  24a  and  46,  for  example, 
clearly  shows  the  effects  of  adding  more  impurities  to  a 
given  metal,  thereby  increasing  Wo-  A  detailed  analysis 
would  show  that  the  electron-phonon  term,  Wi,,  did  not 
change,  that  is,  it  is  really  intrinsic  to  aluminum.  At 
low  temperatures,  the  curves  are  parallel,  with  the 
higher  impurity  alloy  lying  lower.  At  higher  tempera- 
tures, the  curves  approach  each  other,  the  differences 
decreasing  approximately  at  YjT.  The  detailed  methods 
of  analysis  and  techniques  for  separation  of  electronic 
components  of  thermal  resistivity  have  been  outlined  in 
papers  by  Powell  et  al.  [45],  and  by  Williams  and 
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Fulkerson  [46].  Similar  effects  of  additional  impuri- 
ties can  be  seen  in  the  curves  for  copper,  iron,  and 
several  other  alloy  systems. 

In  many  low-conductivity  alloys,  the  lattice  thermal 
conductivity.  Kg,  may  be  deduced,  and  the  separate 
scattering  components  for  it  may  be  resolved.  For  most 
alloys,  there  are  three  main  processes  that  effectively 
limit  the  lattice  conductivity.  The  first  process  is  scat- 
tering of  the  lattice  waves  by  conduction  electrons,  as 
represented  by  the  phonon-electron  resistivity.  We.  This 
is  the  converse  of  electrons  being  scattered  by  phonons. 
The  second  process  is  scattering  by  dislocations,  the 
phonon-dislocation  resistivity,  W©.  The  third  is  scatter- 
ing by  point  imperfections,  the  phonon-point  imperfec- 
tion resistivity,  Wp.  The  first  two  processes  will  limit 
the  lattice  conductivity  at  lower  temperatures ;  the  third 
will  limit  it  at  higher  temperatures.  Phonon-electron 
interactions  are  coded  under  Q;  phonon-imperfection 
interaction,  under  P.  For  electrical  insulators  there  are 
additional  phonon-phonon  scattering  processes  (seldom 
observable  in  electrical  conductors)  that  limit  the  lat- 
tice conductivity  at  higher  temperatures.  Those  inter- 
actions are  coded  under  0. 

The  phonon-electron  and  phonon-dislocation  resistivi- 
ties have  the  same  temperature  dependence.  Therefore, 
for  one  alloy  specimen,  the  two  scattering  mechanisms 
may  not  be  unambiguously  separated.  For  an- 
nealed specimens,  the  two  resistivities  will  be  of  about 
the  same  magnitude;  for  unannealed  specimens,  the 
dislocation  resistivity  will  greatly  outweigh  the  phonon- 
electron  resistivity.  Below  about  40  K,  the  lattice  con- 
ductivity can  be  represented  hy:  Xj Kg  =  Wg  —  We  + 
Wd  +  Wp  =  (E  +  D)r-2  +  PT.  Because  of  the  T'^ 
dependences  of  the  phonon-electron  and  phonon-dislo- 
cation resistivities,  they  are  dominant  at  low  tempera- 
tures and  negligible  at  high  temperatures.  The 
maximum  in  lattice  conductivity  usually  will  occur 
between  50  and  100  K  for  most  alloys.  Above  those 
temperatures,  however,  the  lattice  conduction  is  more 
difficult  to  separate  experimentally  from  the  electronic 
conduction  because  the  latter  has  a  much  greater  mag- 
nitude [46]. 

Again  the  shapes  of  the  curves  for  aluminum  alloys 
in  figure  46  are  typical:  electronic  conductivity  is 
dominant,  but  lattice  conductivity  is  observable.  Again 
the  effects  of  additional  impurities  are  clear.  The  de- 
tailed methods  of  analysis  and  techniques  for  separa- 
tion of  electronic  and  lattice  conductivity  components 
and  further  separation  of  the  various  lattice  resistivity 
terms  have  been  outlined  [45,46] .  For  aluminum  al- 
loys, the  lattice  conduction  may  be  about  10  percent 
of  the  total;  for  some  nickel  or  iron  alloys,  it  may  be 
much  higher,  even  predominant. 

If  there  is  no  direct  information  on  the  thermal  con- 
ductivity of  a  metal,  then  data  on  the  electrical  resis- 
tivity may  be  very  helpful.  The  electrical  resistivity  may 
be  related  to  the  electronic  thermal  resistivity  by  means 
of  the  Wiedemann-Franz-Lorenz  law: 
p  =  LoWgT,  where  Lq  is  the  Lorenz  ratio,  assumed  to 
be  a  fundamental  constant  given  by  the  Sommerfeld 
value:  Z-o  =  f  (  f  )2  =  2.44  X  IQ-^  [watt-ohm/ (deg 
K)2],  where  k  is  the  Boltzmann  constant  and  e  is  the 
electronic  charge. 


A  discussion  of  the  separation  of  components  and 
scattering  mechanisms  for  electrical  conductivity  fol- 
lows almost  exactly  that  given  above  on  the  electronic 
thermal  conductivity.  The  total  electrical  resistivity,  p, 
is  assumed  to  be  the  approximate  sum  of  two  separate 
resistivities,  the  intrinsic  or  electron-phonon  resistivity, 
PL,  and  the  residual  or  electron-imperfection  resistivity, 
po.  In  other  words,  Matthiessen's  rule  for  electrical  re- 
sistivity, p  =  PL  +  po,  is  assumed  to  be  approximately 
correct. 

The  expressions  for  the  temperature  dependences  of 
the  electrical  intrinsic  and  residual  terms  have  been 
found  to  be  given  approximately  by:  pL  =  dT"'  (n  <=« 
4  to  5,  r  <  40  K)  ;  PL  =  r  (r  near  300  K) ;  po  = 
(3  (constant).  A  graph  of  the  separation  of  electrical 
resistivity  components  for  a  general  metal  is  very  simi- 
lar to  that  for  thermal  conductivity  in  the  same  metal. 
Theoretical  reviews  and  expressions  for  the  coefficients 
a  and  (3  have  been  given  by  MacDonald  [47]  and 
Gerritsen  [48],  as  well  as  by  Ziman  [41]  and  Rosen- 
berg [40]. 

Lorenz  ratios  may  be  calculated  for  some  of  the  alu- 
minums and  aluminum  alloys  given  in  figures  24a  and 
46.  The  numbers  calculated,  and  shown  in  figure  2.3.3, 
express  the  ratios  of  the  electrical  resistivities  to  the 
total  thermal  resistivities  divided  by  T.  The  extrapo- 
lated values,  which  approach  Lq,  should  represent  ratios 
of  electronic  terms  only  because  the  lattice  contribution 
to  the  total  thermal  conductivity  is  greatly  reduced  at 
the  lowest  temperatures. 

It  is  seen  that  the  Lorenz  ratios  for  the  high-conduc- 
tivity aluminum  specimens  extrapolate  to  approxi- 
mately the  Sommerfeld  value  at  0  K  but  fall 
considerably  below  it  at  higher  temperatures.  The  be- 
havior of  the  lower-conductivity  aluminum  alloys  is 
different:  the  values  between  about  10  and  60  K  are 
higher,  but  above  60  K  the  values  are  again  lower.  For 
very  low  conductivity  alloys,  the  ratios  approach  the 
Sommerfeld  value  at  low  and  high  temperatures  but 
are  much  higher  at  intermediate  temperatures.  The 
regions  where  the  ratios  are  above  the  Sommerfeld 
value  indicate  temperature  ranges  where  lattice  con- 
ductivity is  important. 
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Figure  2.3.3.  Lorenz  ratio  of  some  aluminums. 
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The  Lorenz  ratio  should  be  constant  if  the  conduc- 
tion electrons  are  scattered  elastically  and  lattice  con- 
duction is  negligible.  That  condition  is  approximately 
true  at  high  temperatures,  where  there  is  a  large 
amount  of  thermal  vibration  giving  rise  to  large  elec- 
tron-phonon  scattering,  and  at  low  temperatures,  where 
the  residual  term  is  predominant  in  the  electrical  re- 
sistivity. At  intermediate  temperatures,  the  condition 
of  elastic  scattering  no  longer  holds,  and  Lorenz  ratios 
decrease  considerably  from  the  Sommerfeld  value,  if 
the  lattice  thermal  conductivity  is  negligible.  Any  sig- 
nificant amount  of  lattice  thermal  conductivity  will 
raise  the  Lorenz  ratio  about  the  value  it  would  have 
had  if  only  the  electronic  term  in  the  thermal  conduc- 
tivity were  considered.  Whenever  authors  have  calcu- 
lated the  Lorenz  ratio,  the  code  S-5  is  noted;  if  only 
electrical  resistivity  is  given,  then  S-1  is  given  and  the 
Lorenz  ratio  may  be  calculated  if  desired. 

Very  little  research  has  been  reported  on  the  Lorenz 
ratio  of  commercial  alloys.  Whenever  electrical  resis- 
tivities for  a  special  material  and  Lorenz  ratios  for  the 
general  class  of  materials  are  available,  however,  rea- 
sonable predictions  for  thermal  conductivity  can  be 
obtained. 

Nonmetallic  solids  do  not  have  electronic  conduction 
of  course,  but  in  them  phonon  conduction  may  become 
relatively  large.  They  will  not  have  phonon-electron 
interactions  (Q),  but  will  have  phonon-imperfection 
(P)  and  phonon-phonon  (0)  interactions.  Theories  of 
lattice  conduction  in  insulators  are  inherently  more 
difficult  than  electronic  theories  in  metals.  Generally  the 
nonmetallic  materials  have  to  be  more  pure  than  metals 
to  exhibit  relatively  simple  ideal  behavior.  However, 
this  does  occur  in  a  few  solids,  as  in  the  ionic  alkali 
halides  and  in  valence  crystals  such  as  diamond.  Ziman 
[41]  has  given  one  of  the  best  discussions  of  lattice 
conduction  and  phonon-phonon  interactions. 

The  many  detailed  topics  in  each  of  the  various 
coded  physical  phenomena  are  not  discussed  exten- 
sively. However,  a  few  comments  on  codes  L,  M,  N,  0, 
P,  Q,  R,  and  S  are  given  below. 

Table  2.  3. 1.  Code  for  physical  phenomena 
Electronic  Thermal  Conduction  Mechanisms 

L.   Electron — phonon  interactions 

1.  Temperature  dependence — absolute  magnitude 

2.  theories  by  Wilson,  Makinson,  Sondheimer,  Klem- 
ens,  and  Ziman — coefficients  and  exponents  using 
characteristics  temperatures  or  phenomenological 
values 

3.  phonon  polarization — transverse  and  longitudinal 
and  anharmonic  interaction 

4.  anisotropic  scattering 

5.  Umklapp  scattering 

6.  inelastic  scattering 

7.  diffusion  scattering 

8.  ionic  screening 

9.  Fermi  surface  geometry 


M.   Electron — imperfection  interactions 

1.  undifferentiated 

2.  point  imperfection  including  chemical 

3.  dislocation,  stacking  faults 

4.  grain  boundaries 

5.  external  boundaries 

6.  magnetic  impurities,  random 

N.   Electron — miscellaneous  scattering  interactions 

1.  separation  of  components  (nonadditive) 

2.  magnetic  field  dependence 

3.  superconductivity 

4.  anisotropy 

5.  intra-  and  interband  scattering  (band  structure), 
density  of  states  effects 

6.  magnetic  ordering,  spin  waves,  magnons 

7.  mean-free-path  (size  effect) 

8.  nonlinearity  in  WT  versus  curves 

9.  electron — electron 

10.  irradiation  effects 

11.  electric  field  dependence 

Lattice  Thermal  Conduction  Mechanisms 
0.   Phonon — phonon  interactions 

1.  undifferentiated 

2.  normal,  theories  by  Peierls,  Ziman,  Klemens, 
Leibfried  and  Schlomann,  and  Callaway 

3.  Umklapp — anharmonic 

4.  pressure  dependence 

5.  mean-free-path  (size  effect),  or  relaxation  time 

6.  anisotropy 

7.  separation  of  components  (nonadditive) 

8.  Poiseuille  flow 

9.  transverse — longitudinal,  acoustic,  and  optical  in- 
teraction 

P.   Phonon — imperfection  interactions 

1.  undifferentiated 

2.  point 

3.  dislocation 

4.  grain  boundaries 

5.  external  boundaries 

6.  stacking  faults 

7.  energy  transitions — internal  degrees  of  freedom, 
molecular  vibrations 

8.  isotope,  mass  difference 

9.  strain  field 

10.  magnetic  impurities 

11.  vacancies 

12.  composition  variation 

13.  irradiation  effects 

14.  color  centers 

15.  clusters  or  colloids 

Q.   Phonon — electron  interactions 

1.  general 

2.  transverse — longitudinal  interaction 

3.  alloying  variation 

4.  Fermi  surface  effects  and  band  interaction 

5.  spin  waves 
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Table  2.3.1    Code  for  physical  phenomena — Continued 
Miscellaneous  Phenomena 
R.-  Miscellaneous  carriers 

1.  ambipolar  diffusion 

2.  magnons 

3.  photons 

4.  excitons 

5.  polarons 

S.  Other  experimental  properties 

1.  electrical  resistance 

2.  thermoelectric 

3.  specific  heat 

4.  magnetic  moment 

5.  Lorenz  ratio 

6.  thermal  expansion 


Electronic  Thermal  Conduction  Mechanisms 

L.  Electron-Phonon  Interactions 

Electron-phonon  interactions  are  dominant  in  pure 
metals  for  temperatures  above  the  temperature  where 
the  maximum  in  thermal  conductivity  occurs.  They  are 
also  significant,  but  not  dominant,  in  alloys.  The  abso- 
lute magnitude  and  temperature  dependence  of  this 
interaction,  coded  L-1,  are  the  most  commonly  ex- 
plored phenomena  in  thermal  conductivity  experiments. 
Authors  frequently  compared  their  results  to  the  pre- 
dictions of  theories  by  Wilson,  Makinson,  Sondheimer, 
Klemens,  or  Ziman  (coded  L-2),  theories  reviewed 
and  summarized  by  Ziman  [41]  and  Klemens  [39] . 
Although  those  theoretical  analyses  were  rather  ele- 
gant mathematically,  they  were  usually  based  on  over- 
simplified physical  assumptions — such  simplifications 
as  only  electron-longitudinal  phonon  interactions, 
spherical  Fermi  surfaces,  isotropic  scattering  angles, 
etc.  Klemens  [39]  and  Ziman  [41]  have  led  in  the 
attempts  to  provide  more  rigorous,  and  therefore  more 
complex,  foundations  for  the  theories.  Their  studies, 
and  also  those  of  other  recent  theoreticians,  have  con- 
sidered the  effects  coded  as  L-3  through  L-9:  phonon 
polarization;  anisotropic,  Umklapp,  inelastic,  or  dif- 
fusion scattering;  ionic  screening;  and  Fermi  surface 
geometry.  Generally  speaking,  it  has  not  been  possible 
to  get  good  quantitative,  unambiguous  agreement  be- 
tween theoretical  predictions  and  the  magnitudes  of  the 
corresponding  experimental  values. 


M.  Electron-Imperfection  Interactions 

These  interactions  are  dominant  in  alloys  and  in 
metals  below  their  conductivity  maximum.  Most  au- 
thors have  not  characterized  their  specimens  well 
enough  physically  to  determine  which  imperfections 
are  most  important.  Therefore  the  undifferentiated  cod- 
ing M-1  is  most  common.  However,  some  of  the  more 


careful  experimentalists  made  detailed  characterizations 
and  analyses  and  were  able  to  isolate  the  effects  of  dif- 
ferent types  of  imperfections,  those  coded  as  M-2 
through  M-6.  Point  imperfections,  including  chemical 
impurities,  (M-2),  are  the  easiest  to  determine  ac- 
curately and  were  naturally  the  most  commonly  ana- 
lyzed. Three  other  imperfections  are  also  relatively 
easy  to  distinguish:  dislocations  and  stacking  faults 
(M-3),  grain  boundaries  (M-4),  and  external  bound- 
aries (M-5).  The  last  one  is  seldom  important  in 
metals  or  alloys.  Random  magnetic  impurities  (M-6) 
can  become  very  important  in  some  dilute  alloys  and 
pure  metals,  e.g.,  a  few  parts  per  million  of  iron  in 
copper  or  gold  radically  change  electronic  properties 
near  helium  temperatures. 

N.  Electron-Miscellaneous  Scattering 
Interactions 

In  addition  to  the  relatively  simple  and  general 
groups  of  scatterers  listed  in  code  M,  there  are  several 
other  scattering  mechanisms  and  phenomena  that  are 
important  in  special  metals  and  alloys.  For  example, 
nonadditivity  (N-1)  can  become  important  in  rela- 
tively pure  metals.  Magnetoresistance  (N-2)  can  be 
important  both  for  design  data  and  for  elucidating 
some  electron  interaction  effects.  A  large  amount  of 
research  has  been  carried  out  on  superconductors 
(N-3)  below  their  transition  temperature.  Although  a 
magnetic  field  was  often  used  to  destroy  superconduc- 
tivity so  that  the  normal  state  properties  could  be  de- 
termined, such  experiments  were  not  coded  with  N-2 
unless  magnetic  field  effects  were  studied  in  the  normal 
state.  In  the  graphs  the  superconducting  state  curve  is 
marked  with  an  (s)  and  is  dashed.  Because  metals  in 
their  superconducting  state  have  fewer  electrons  avail- 
able for  thermal  energy  transitions,  pure  metals  have 
a  lower  thermal  conductivity  when  they  are  in  the 
superconducting  state.  Many  authors  have  utilized 
single  crystals  in  order  to  have  perfect  specimens. 
Crystals  without  cubic  symmetry  can  then  demonstrate 
their  anisotropic  electronic  properties  (N-4).  In  some 
alloys,  semimetals,  and  semiconductors  intra-  and  in- 
terband  scattering  (N-5)  can  become  important.  In 
ferro-  and  ferrimagnetic  metals  there  can  be  magnetic 
ordering,  and  magnetic  spin  waves  or  magnons  (N-6), 
that  act  as  scattering  agents  for  conduction  electrons. 
Other  effects,  seldom  observed  in  conduction  electron 
interactions,  such  as  size  effects,  nonlinearity  in  WT 
versus  plots,  electron-electron  scattering,  irradiation 
damage,  and  electric  field  dependence  are  coded  in 
N-7  through  N-11. 

Lattice  Thermal  Conduction  Mechanisms 

In  insulators  that  are  chemically  pure  and  physically 
perfect,  lattice  conduction  can  give  high  values  for 
thermal  conductivity.  Lattice  conduction  is  also  domi- 
nant in  semiconductors  and  can  be  important  in  some 
alloys  and  possibly  in  some  transition  metals.  Quan- 
tized lattice  waves,  phonons,  can  be  scattered  by  other 
phonons  (Code  0),  by  physical  or  chemical  imperfec- 
tions (P),  or  by  electrons  (Q),  in  materials  that  have 
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conduction  electrons.  The  most  progress  in  correlating 
experimental  results  and  theoretical  predictions  has 
been  achieved  for  the  relatively  ideal  materials  such  as 
solid  helium,  ionic  alkali  halides,  and  valence  crystal- 
line diamond  and  quartz. 

O.  Phonon-Phonon  Interactions 

Since  phonon-phonon  interactions  are  difficult  to 
calculate  theoretically  and  hard  to  unambiguously 
analyze  experimentally,  most  research  papers  merely 
report  undifferentiated  temperature-dependent  phonon 
intractions.  When  detailed  comparisons  have  been  made 
between  experimental  research  and  theoretical  predic- 
tions, the  relevant  theories  were  usually  those  of  Peierls 
[49],  Ziman  [41],  Klemens  [39],  Leibfried  and 
Schlomann  [50,51],  or  Callaway  [52],  or  their  co- 
workers (0-2). 

Most  classical  theories  of  phonon  interactions  have 
presumed  local  conservation  of  momentum;  when  this 
restriction  is  eased  to  include  in  the  process  noncon- 
servative  interactions,  the  word  "Umklapp"  (0-3)  is 
used.  Several  other,  less  often  observed  effects  are  also 
included  in  this  coding  category:  pressure  dependence 
(0-4),  for  soft  crystals  like  helium;  phonon  relaxation 
time  studies  (0-5),  for  many  different  crystals;  anisot- 
ropy  (0-6),  for  noncubic  single  crystals;  nonadditive 
separation  of  components  (0-7).  for  some  crystals 
near  their  conductivity  maximum;  Poiseuille  flow 
(0-8),  for  relatively  long,  thin  crystals  at  very  low 
temperatures  where  the  mean-free-path  of  the  phonons 
is  comparable  to  or  larger  than  the  width  of  the  speci- 
mens; and  various  phonon  polarizations  (0-9),  be- 
sides longitudinal,  including  the  various  branches  in 
the  phonon  dispersion  curves. 

P.  Phonon-Imperfection  Interactions 

In  most  electrically  insulating  crystals,  imperfections 
are  dense  enough  to  be  the  main  limitation  to  phonon 
heat  conduction.  Again,  physical  characterization  of 
the  type  and  extent  of  the  imperfections  is  necessary 
for  correlation  with  theoretical  predictions.  Since  this 
was  usually  not  done,  most  reports  commenting  on 
phonon-imperfection  interactions  are  coded  as  undif- 
ferentiated (P— 1).  There  are,  however,  many  compre- 
hensive papers  that  have  made  careful  characteriza- 
tions and  correlations  for  point  imperfections  (P-2), 
dislocations  (P-3),  grain  boundaries  (P-4),  and 
stacking  faults  (P-6),  in  ionic,  valence,  and  molecular 
crystals,  and  in  semiconductors  and  alloys.  Grain 
boundary  scattering  is  especially  important  in  solids 
with  very  small  crystallites,  e.g.,  graphite.  External 
boundary  scattering  (P-5)  is  dominant  at  low  tem- 
peratures in  nearly  ideal  crystals  like  diamond  and  solid 
helium.  Isotopic  scattering  (P-8)  is  also  important  in 
nearly  perfect  crystals,  but  is  more  pronounced  at  in- 
termediate, rather  than  very  low,  temperatures.  Some 
molecular  crystals  have  energy  transitions  (P-7)  low 
enough  in  energy  to  be  significant  in  thermal  trans- 
port. 

Codes  P-9  through  P-15  are  used  to  cover  a  mis- 
cellaneous collection  of  other  phonon-imperfection 
mechanisms  that  are  occasionally  observed. 


Q.  Phonon-Electron  Interactions 

Commercial  alloys,  and  even  some  dilute  binary  al- 
loys, have  a  sufficiently  low  electronic  thermal  conduc- 
tivity that  lattice  conductivity  can  be  observed.  In  these 
materials  the  main  phonon  scatterer  is  often  the  con- 
duction electrons.  Uusually  the  interaction  is  not  ana- 
lyzed in  detail  (Q-1),  but  some  authors  have  given 
more  thorough  analyses,  in  particular  attempting  to  re- 
solve the  transverse  and  longitudinal  phonon  interac- 
tions (Q-2).  Studies  of  the  alloying  variation  (Q-3) 
of  phonon-electron  interactions  are  also  available,  es- 
pecially for  dilute  alloys.  Two  other  effects  noticed  are 
band-structure  of  Fermi  surface  modifications  (Q-4) 
and  magnetic  alterations  (Q-5)  of  the  basic  inter- 
action. 

Miscellaneous  Phenomena 

R.  Miscellaneous  Carriers 

Any  mobile  excited  state  of  lattice  vibrations  or  elec- 
trons or  groups  of  them  may  act  as  heat  carriers.  There 
are  several  mechanisms  for  carrying  heat  besides  sim- 
ple phonons  and  isolated  electrons  or  holes.  The  five 
that  may  occur  in  a  significant  way  at  low  tempera- 
tures are  ambipolar  diffusion,  magnons,  photons,  exci- 
tons,  and  polarons.  Each  of  these  will  be  discussed  in 
more  detail  below.  In  addition,  the  rotational  molecular 
specific  heat  in  such  molecular  crystals  as  CH4  may  be 
a  carrier  of  thermal  energy  near  the  crystals'  order- 
disorder  transition  temperature,  e.g.,  near  20  K  for 
CH4.  However,  the  phenomenon  is  not  widely  observed 
and  is  not  further  described.  We  only  coded  these  phe- 
nomena if  the  authors  themselves  recognized  the  pres- 
ence of  nonsimple  transport  mechanisms. 

1.   Ambipolar  diffusion 

Busch  and  Schneider  [53]  observed  in  the  semi- 
conductor InSb  a  thermal  conductivity  that  was  much 
higher  than  that  which  could  be  explained  by  simple 
addition  of  lattice  or  phonon  and  electronic  conduction 
mechanisms.  An  explanation  of  the  effect,  called  ambi- 
polar diffusion,  was  given  by  Frohlich  and  Kittel  [54] 
in  an  accompanying  note  and  also  by  P.  J.  Price  [55]. 
A  more  thorough  discussion  has  been  given  by  Drabble 
and  Goldsmid  [56]  in  their  book  on  thermal  conduc- 
tion in  semiconductors.  Ambipolar  diffusion  refers  to 
transport  of  heat  by  means  of  the  ionization  energy  for 
an  electron-hole  pair.  An  electron-hole  pair  can  be 
formed  at  the  hot  end  of  the  thermal  conductivity  speci- 
men, absorbing  the  band  gap  energy,  E„  from  the 
heat  source.  The  hole  and  electron  then  diffuse  sepa- 
rately to  the  cold  end  of  the  specimen,  recombine.  and 
liberate  the  energy  E,,.  If  the  number  of  electrons  and 
holes  is  about  equal  and  the  semiconductor  is  intrinsic, 
there  can  be  a  substantial  contribution  to  thermal  trans- 
port without  any  net  electric  charge  flow.  However,  if 
either  carrier,  electron  or  hole,  is  dominant  or  their 
mobilities  are  quite  different,  there  wil  not  be  any  sig- 
nificant heat  transport  by  ambipolar  diffusion.  This 
mechanism  is  very  similar  to  exciton  transport  in  semi- 
conductors, except  that  in  exciton  transport  in  semi- 
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conductors  the  electron-hole  pair  are  bound  in  a  stable 
arrangement  and  drift  across  the  specimen  together. 
Ambipolar  diffusion  occurs  in  many  different  intrinsic 
semiconductors  but  is  effective  mainly  at  higher  tem- 
peratures, near  room  temperature  or  above. 

2.  Magnons 

Magnetic  spin  waves  may  occur  in  ferro-,  ferri-,  and 
antiferro-magnetic  materials.  Magnons  are  quantized 
spin  waves  in  the  same  manner  that  phonons  are  quan- 
tized lattice  waves.  Kittel  [57]  has  given  a  good  intro- 
duction to  spin  waves  and  magnons.  Rezanov  and 
Cherepanov  [58]  calculated  the  contribution  of  mag- 
nons to  thermal  conductivity  for  ferromagnetic  ma- 
has  been  difficult  to  unambiguously  obtain.  Sato  [59] 
terials,  but  experimental  verification  of  their  presence 
has  been  difficult  to  unambiguously  obtain.  Sato  [59] 
also  calculated  the  magnon  contribution  for  ferromag- 
netic insulators.  In  1961  experiments  by  Douthett  and 
Friedberg  [60]  on  ferrimagnetic  crystals  and  by  Slack 
[9]  on  antiferromagnetic  crystals  seemed  to  indicate  a 
measurable  magnon  term.  More  definite  verification  of 
magnon  conduction  has  recently  been  observed  below 
1  K  in  complex  hydrated  ferromagnetic  copper  ammo- 
nium bromides  by  Haasbroek  and  Gieske  [61].  How- 
ever, in  general  the  phenomena  is  not  widely  or  unam- 
biguously observed  at  low  temperatures. 

3.  Photons 

Quantized  electromagnetic  waves,  photons,  were  the 
first  cooperative  wave  phenomena  to  be  given  a  special 
name  and  assigned  a  pseudo-particle  behavior.  If  a 
solid  is  partially  transparent  to  photons  of  the  appro- 
priate wavelengths,  then  those  photons  can  transmit 
energy  through  the  solid.  Significant  thermal  trans- 
port by  photons  occurs  only  in  a  few  valence  crystals 
and  semiconductors  and,  in  them,  it  is  only  important 
at  moderately  high  temperatures.  Its  temperature  de- 
pendence is  about  cubic;  near  room  temperature  pho- 
ton conductivity  can  represent  10  to  25  percent  of  the 
total  conductivity  in  a  few  materials.  In  1961  Busch, 
Frolich,  Hulliger,  and  Steigmeier  [62]  and  Petruse- 
vich,  Sergeeva,  and  Smirnov  [63]  observed  significant 
photon  conductivity  in  SnSeo  and  InoTe^,  respectively. 
Both  experiments  agreed  well  with  the  earlier  theo- 
retical predictions  of  Genzel  [64]. 

4.  Excitons 

An  electron-hole  pair  with  a  significant  lifetime  may 
be  formed  in  semiconductors,  ionic  crystals,  or  molec- 
ular crystals.  The  pair  have  an  excitation  energy; 
they  may  move  through  the  crystal  transporting  this 
energy  but  carrying  no  net  effective  electric  charge.  If 
the  pair  move  separately  and  independently,  this  leads 
to  an  ambipolar  diffusion  conductivity  contribution  as 
described  in  section  R— 1.  However,  since  the  electron 
and  hole  have  an  attractive  Coulombic  interaction,  a 
stable-bound  state  of  the  two  has  a  lower  energy.  This 
bound  state,  mobile,  neutral  electron-hole  pair  is  called 
an  exciton.  As  described  by  Kittel  [57] ,  there  are  two 
theoretical   aproximation   limits,   the   tightly  bound 


Frenkel  condition,  and  the  weakly  bound  Mott-Wannier 
condition.  The  latter  are  important  in  semiconductor 
conductivity;  the  former,  in  alkali  halides. 

There  has  been  very  little  clear  experimental  evi- 
dence of  thermal  conductance  by  excitons  within  the 
temperature  range  covered  in  this  review.  Mrs.  Devy- 
atkova  [65]  believed  that  she  observed  the  phenom- 
enon in  PbTe;  she  obtained  results  that  Were  at  least 
consistent  with  the  possibility  of  exciton  conductivity 
calculated  by  Pikus  [66] .  However,  in  her  later  re- 
search that  includes  PbTe  she  does  not  mention  the 
phenomenon  again. 

5.  Polarons 

An  electron  moving  through  an  ionic  crystal  polar- 
izes the  lattice  around  it.  When  the  electron  moves,  the 
polarization  will  move  with  it.  If  the  energy  exceeds  a 
certain  amount,  a  phonon  may  be  produced,  and  the 
electron  will  be  strongly  scattered  or  accelerated.  Even 
when  the  electron  is  moving  more  slowly  there  is  the 
theoretical  possibility  of  the  excitation  and  reabsorp- 
tion  of  virtual  phonons,  which  change  the  effective 
self-energy  of  the  particle.  This  extra  energy  is  itself 
a  function  of  the  velocity,  and  thus  apears  as  a  correc- 
tion to  the  "mass"  of  the  carrier.  The  polaron,  con- 
sisting of  a  point  charge  surrounded  by  a  cloud  of 
'virtual  phonons',  is  an  observable  entity  in  some  ionic 
crystals.  Because  of  the  close  interaction  with  the  heavy 
ions,  the  electron  acts  as  if  its  mass  were  considerably 
increased.  The  polaron  effect  will  be  strongest  in 
strongly  ionized  crystals,  weakest  in  those  that  are  | 
largely  covalent. 

Again  there  has  been  no  unambiguous  experimental 
verification  of  the  effects  of  polarons  on  thermal  con- 
duction at  room  temperature  or  below.  Bogomolov  et  | 
al.  [67]  calculated  that  the  effect  was  too  small  to  be  i 
observed,  even  in  their  Ti02  specimens.  | 

S.  Other  Properties  | 

In  experimental  studies  on  the  thermal  conductivity  ! 
of  solids,  other  properties  are  sometimes  determined  for  ' 
the  same  specimens.  Correlations  between  these  other  i 
properties  and  thermal  conductivity  often  exist.  It  is 
sometimes  possible  to  estimate  accurate  values  of  ther- 
mal conductivity  from  values  of  other  properties,  thus  i 
eliminating  a  considerable  difficulty  or  expense  of  the  j 
actual  experimental  measurement.  Data  on  other  prop-  | 
erties  are  also  valuable  in  interpreting  various  com-  [ 
ponents  of  thermal  conductivity. 

i 

1.   Electrical  resistivity  { 

The  electrical  resistivity  may  be  related  to  the  elec-  j! 
tronic  component  of  thermal  resistivity  by  means  of 

the  Wiedemann-Franz-Lorenz  law:  p  =  L  Wc  T,  where  i 

L  is  the  Lorenz  ratio  (discussed  in  sec.  S-5).  The  total  | 

electrical  resistivity  p  may  be  separated  into  compo-  | 

nents  much  like  that  of  the  electronic  thermal  resistiv-  , 

ity,  with  the  sum  of  two  separate  resistivities,  p^,  the  I 

intrinsic  or  electron-phonon  resistivity,  and  po,  the  , 
residual    or    electron-imperfection    resistivity.  Thus, 
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p  —  PL  +  po,  or  Matthiessen's  rule,  is  assumed  to  be 
approximately  correct. 

As  mentioned  in  section  2.1,  the  electrical  residual 
resistance  ratio  (denoted  by  RRR  in  the  Sample  Source 
column  of  the  tables)  is  a  good  indicator  of  the  purity 
of  a  sample.  Since  pi,  vanishes  as  T  0  K,  then  the 
greater  the  value  of  RRR  (where  RRR  =  p{T-^0  C)  / 
p{T—^0  K) ),  the  greater  the  purity  of  the  sample.  One 
of  the  highest  purity  samples  in  this  compilation  was 
the  Al-1  measured  by  Seeberg  and  Olsen  [68],  with 
RRR  =  24,000. 

Thorough  discussions  of  the  electrical  resistivity  of 
solids  at  low  temperatures  appear  in  Rosenberg  [40] 
and  Meaden  [69]. 

2.  Thermoelectric  properties 

There  are  a  number  of  thermoelectric  effects  in 
metals,  which  involve  direct  reversible  interchange  be- 
tween thermal  and  electric  energy,  and  certain  other 
types  of  interactions  between  temperature  gradients 
and  potential  gradients.  In  any  metal  in  which  there 
exists  a  temperature  gradient  it  is  expected  to  find  a 
variation  of  the  electron  energy  distribution  function 
with  temperature.  At  normal  or  low  temperatures  a 
small  fraction  of  the  electrons  have  energies  in  a  nar- 
row region  at  the  top  of  the  Fermi-Dirac  distribution. 
As  the  temperature  is  raised,  this  narrow  region  ex- 
pands, resulting  in  slightly  more  electrons  having 
higher  energies  than  before.  Thus,  electrons  will  travel 
to  the  lower  temperature  and  under  a  thermal  gradient 
carry  excess  thermal  energy.  To  preserve  the  require- 
ment of  no  net  current  flow  (since  it  is  not  a  closed 
circuit  electrically)  a  return  flow  of  electrons  carrying 
their  normal  negative  charge,  but  no  excess  thermal  en- 
ergy, takes  place.  This  return  flow  is  produced  by  an 
electrical  driving  force,  a  potential  difference  di- 
vided by  the  temperature  difference  between  the  two 
ends.  This  effect  is  the  basis  for  thermocouples. 

3.  Specific  heat 

The  specific  heat  at  constant  volume  of  a  metal  is 
dU 

defined  as  C„  =  where  U  is  the  total  internal 
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energy  of  the  metal  or  alloy  system  and  T  is  the  abso- 
lute temperature.  The  theoretical  problem  is  to  deter- 
mine the  variation  of  the  energy  with  temperature. 
There  are  two  main  types  of  energy  variation.  In  the 
first  type,  the  energy  and  consequently  the  specific  heat 
are  slowly  varying  functions  of  temperatures.  In  a 
metal,  the  internal  energies  of  the  ionic  lattice  and  of 
the  free  or  conduction  electrons  are  typical  examples. 
In  the  second  type,  a  particular  type  of  internal  energy 
changes  significantly  only  over  a  restricted  temperature 
range.  The  energies  of  transformation  for  phase  changes 
and  magnetic  ordering  are  examples  of  the  latter  type. 
The  specific  heat  contribution  for  the  transformation  in 
these  processes  is  observable  only  over  the  same  re- 
stricted temperature  range  as  the  energy  change.  The 
restricted  temperature  range  or  anomalous  specific  heats 


are  of  tremendous  importance  for  physics  and  chemis- 
try research,  but  usually  are  not  of  great  significance 
in  commercial  metals.  Rosenberg  [40]  and  Gopal  [70] 
give  a  low-temperature  review  of  the  specific  heat. 

4.  Magnetic  moment 

When  a  sample  is  placed  in  a  magnetic  field,  an  ef- 
fective magnetic  dipole  moment  is  induced.  Generally 
there  are  three  main  types  of  behavior  observed  with 
the  magnetic  dipole  moment:  diamagnetism,  paramag- 
netism, and  ferromagnetism.  Paramagnetism,  when  the 
induced  magnetic  dipole  moment  is  in  the  same  direc- 
tion as  the  field  and  also  proportional  to  it,  is  the  one 
type  of  behavior  which  has  the  largest  low-temperature 
interest  because,  in  a  paramagnetic,  the  dipole  moment 
increases  very  much  as  the  temperature  is  reduced.  The 
other  types  do  not  change  at  low  temperatures. 

5.  Lorenz  ratio 

The  Lorenz  ratio,  L,  found  in  the  Wiedemann- 
Franz-Lorenz  law,  is  assumed  to  be  a  fundamental  con- 
stant given  by  the  Sommerfeld  value:  Lq  =  {v^k^)  / 
(3e2)  =  2.44  x  lO-^  watt-ohm/ (deg  K)^.  This  simple 
relationship  between  the  electrical  and  thermal  con- 
ductivities is  obtained  because  the  mean-free-path  term 
was  canceled  on  assumption  that  its  value  for  thermal 
and  electrical  conduction  is  the  same.  This  is  a  legiti- 
mate assumption  only  when  the  scattering  is  elastic,  by 
impurities  at  very  low  temperatures,  or  by  phonons  at 
very  high  temperatures. 

Lorenz  ratio's  for  high-conductivity  speciments  extrap- 
olate to  approximately  the  Sommerfeld  value  at  0  K 
but  fall  considerably  below  it  at  intermediate  tempera 
tures.  Values  for  low-conductivity  alloys  are  quite  di* 
ferent:  the  values  at  low  temperatures  are  much  highev 
than  Lo  and  generally  decrease  toward  Lq  at  higher 
temperatures.  The  Lorenz  ratios  for  intermediate  con- 
ductivity alloys  show  a  more  complex  behavior:  at  low 
temperatures  the  ratios  are  higher  than  Lo,  at  inter- 
mediate temperatures  the  ratios  fall  below  Lo,  and  at 
high  temperatures  they  approach  Lq.  The  regions 
where  the  ratios  are  above  the  Sommerfeld  value  indi- 
cate temperature  ranges  where  lattice  conductivity  is 
important. 

6.  Thermal  expansion 

A  small  yet  important  consideration  in  many  cryo- 
genic experiments  is  the  thermal  expansion.  It  is  usual 
to  select  the  same  material  for  the  different  parts  of 
the  apparatus  because  it  lessens  the  risk  of  strains  aris- 
ing from  differential  expansion  or  contraction.  In  de- 
signing equipment,  both  thermal  expansion  and  thermal 
conductivity  data  are  often  necessary.  Many  of  the 
thermal  conductivity  research  reports  aimed  toward 
design  data  therefore  include  thermal  expansion  in- 
formation. 
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Due  to  the  overlapping  of  the  composition  of  classi- 
fications of  steels,  a  set  of  limits  has  been  set  by  the 
authors.  In  some  cases  the  alloy  composition  could  be 

Carbon  steel 

0.1  -  2%  C 
<0.5%  Si 

0.5  -  2%  Mn 
<1%  other  metals 

Alloy  steel 

0.1  ■  1%  C 

0.1  -  2%  Si 

1  -  25%  Mn  or  Ni 
<5%  total  Cr,  Mo,  V 

Iron  alloys 

>25%  Co,  Mn,  or  Ni 


on  the  border  between  two  classifications,  in  which 
case  the  alloy  will  be  listed  in  both  groups.  Following 
are  the  classifications  with  the  composition  limits : 

Cast  iron 
2  -  4%  C 

1  -  5%  Si 

<1%  other  metals 

Stainless  steel 

<1%  C 

>5%  Cr  ) 

\  <25%  either 
usually  Ni  \ 
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3.7.  POLYMERS 


1 


Code  Names  for  Plastics 


PA 

Polyamide 

PCTFE 

Polychlorotrifluoroethylene 

PDCMOCB 

Polydichloromethyloxacyclobutane 

PE 

Polyethylene 

PET 

Polyethylterapthalate 

PEU 

Polyesterurethane 

PF 

Phenolformaldehyde 

PG 

Polyglycol 

PIB 

Polyisobutylene 

PMMA 

Polymethylmethacrylate  (plexiglas,  perspex) 

PS 

Polystyrene 

PTFE 

Pnlvfftrafiiiornptnvlpnf* 

PVA 

Polyvinylacetate 

PVC 

Polyvinylchloride 
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4.  Detailed  Index  of  Specific  Materials 


Material 

Admiralty  metal 
Advance 
Almandite 
Alpha  brass 
Alumina 


Aluminum 

A  13  alloy 

Adataloy 

Alar 

00.5 

00.12 

Alcan 

A  143 
A  320 
B  515 
143 
162 
164 
236 
285 
350 
432 
-  575 

Allcast  60 

Alloy 

3003-F 
5052-O 
5083-O 
5154-0 
6063T-O 

Alufont  3 

Alumina 


Aluminum  alloy 


Table  heading 


Figure 
number 


A 
A 
A 
A 
A 


C 
C 


108 
132 
380 
612 
750 
B  214 
B  750 
113 
612 


EC 

F  214 
13 
21 

50  S 

112 

113 

138 

195 

214 

218 

220 

236 

319 


Copper  Alloys   

Cu-Ni  Alloys   

Minerals  63b 
Copper  Allpys  43a,  c 

Alumina  and  Sapphire 

Crystals  64a,  b,  c 


Alur 


24a,  b,  73 


Aluminum  Alloys 

 do  

 do  

Aluminum  Alloys 
 do  

Aluminum  Alloys 

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  


Aluminum  Alloys 

 do  

 do  

 do  

 do  

 do  


46 
46 
46 
46 
46 


Alumina  and  Sapphire 
Crystals 

 do   . 


64a,  b,  c 


Aluminum  Alloys 

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  


.do. 


.do. 
.do- 
.do. 
.do. 
.do. 
.do. 
-do. 
.do- 
.do. 
.do. 
.do. 
.do. 
.do. 


Material 
Aluminum  alloy  (cont.) 


Table  heading 


Figure 
number 


333 

356 

360 

363 

364 

380 

384 

750 

755 

1060 

2011 

2018 

2024 

2218 

2219 

3004 

5005 

5050 

5052 

5056 

5083 

5086 

5154 

5357 

5454 

5456 

5457 

6066 

6101 

6161 

6351 

7001-T6 

7005 

7075 

7079 

7178 


Alusil 

Alusiloy  1 

AMS 

4035 
4037 
4088 
4120 
4152 
4231 

Apex 

Z  39 
Z  39-11 

Z  50 
28 
36 
39 

39.11 

400 

418 


Aluminum  Alloys 

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 .do  

 do  

 ...do  

 do  

 do  

 do...... 

 do  

 do  

 do  

 do  

  do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

Aluminum  Alloys 

 .do  

 do  

 do  

Aluminum  Alloys 

 do  

 do  

 do  

 do  

 do  

 do  

Aluminum  Alloys 

 do  

 do  

 do  

  do  

 do  

 do  

 ...do  

 do  
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Material 


ASTM  alloy 

GR  40  A 
SC  114  A 
SG  84  A 
SG  84  B 
100  A-B 
122  A 


Table  heading 
Aluminum  Alloys 


Figure 
number 


SG 
SN 


ZG  32  A 


ASTM 


 do  

Aluminum  Alloys 

 do  

 do  

 do  

 do  

 do  

 do  

 do  


B  26-52  T  alloy 

ZG  61  B   do. 

B  26  alloy  C4  A   do. 

B  26  alloy  CN  42  A  do. 

B  26  alloy  G4  A   do. 

B  26  alloy  GS  42  A  do. 

B  26  alloy  S5  A   do. 

B  26  alloy  S5  B   do. 

B  26  alloy  SC  21   do. 

B  26  alloy  SC  51  A  do. 

B  26  alloy  SC  64  A  do. 

B  26  alloy  SG  1   do. 

B  26  alloy  SG  70  A  do. 

B  26  alloy  ZG  61  A  do. 

B  26  alloy  ZG  61  B  do. 

B  26  CI   do. 

B  26  C5  21   do. 

B  26  G  10  A   do. 

B  85  60  alloy 

SC  114  A   do. 

B  85  68  A   do. 

B  85  alloy  S  5  C   do. 

B  85  alloy  S  12  A   do. 

B  85  alloy  S  12  B   do. 

B  85  alloy  SC  84  A  do. 

B  85  alloy  SC  84  B  do. 

B  85  alloy  SG  2   do. 

B  85  alloy  SG  3   do. 

B  108  aUoy 

CN  42  A   do. 

B  108  alloy 

CS  42  A   do. 

B  108  alloy 

CS  104  A   do. 

B  108  alloy  S5  A   do. 

B  108  alloy  S5  B    do. 

B  108  alloy  SC  8   do. 

B  108  alloy  SC  21   do. 

B  108  alloy  SC  51  A  do. 

B  108  alloy  SC  64  A  do. 

B  108  alloy  SC  64  B  do. 

B  108  alloy 

SC  103  A   do. 

B  108  alloy  SG  1   do. 

B  108  alloy  SG  70  A  .do. 

B  108  allov 

SN  122  A   do. 

B  178-54  T  alloy 

GM40A  -do. 

B  179  alloy  68  A   .  do. 

B  179  alloy  CS  72  A  do. 

B  179  alloy 

CS  104  A   do. 

B  179  alloy  S  12  A    do. 

B  179  alloy  S  12  B  ..do. 


Material 
ASTM  alloy  (cont.) 


Table  heading 
Aluminum  Alloys 


Figure 
number 


B  179  alloy  SC  51  A   do    

B  179  alloy  SC  84  A  do    

B  179  alloy  ZG  61  B  do    

B  179  G  10  A   do    

B  179-S  12  A   do    

B  179  SC  84  A   do    

B  179  SC  84  B   do    

B  209   do    

B  209-54  T  alloy 

GM  40  A   do    

B  209  alloy  CG  42  A  do    

B  209  alloy  GR  20  A  do    

B  209  alloy 

MG  11  A   do    

B  210   do    

B  210  alloy  GR  1   do    

B  210  alloy  GR  20  A  do   

B  211  alloy  CB  60  A  do    

B  211  alloy  CP  21   do    

B  234   do    

B  235   do..  

B  241   do    

B  247   do    

B  247-57  T  alloy 

SG  11  A   do    

B  247  alloy  CN  42  C  do    

B  247  alloy 

CN42D  ..do    

B  274  alloy 

MG  11  A   do    

B  285   do    

B  307   do    

B  308   do    

B  313   do    

B  316   do    

B  317   do    

B  318   do    

B  345   do    

B  377-64   do    

AZ56   do  ...  46 

BA   do  

46  Aluminum  Alloys   

LM  8   do    

Birmbright  B.B.  5   do    

Birmal  P.  83   do    

Bohnalite   do    

L-4  Aluminum  Alloys   

M-4   do    

W-6   do    

British  B.S. 

1407/Nsb   do    

1490-LM.  24  M   do    

British  DTD  ..do    

G83   do    

G  87  A   do    

693  .do   .... 
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Material 
British  DTD  (cont.) 


5024 
5044 
5054 
5064 
5074 
Ceralium  "C" 


Table  heading 


Figure 
number 


Material  Table  heading 

Rare  earth-Al  garnets  Rare  Earth  Garnets 


Figure 
number 


Aluminum  Alloys 

 do  

 do  

 do  

 do  

 do  

 do  


Corundum  Alumina  and  Sapphire 

Crystals  64a,  b,  c 

-Cu  Aluminum  Alloys   

-Cu-Cr-Fe-Si   do    

-Cu-Fe-Mn-Si   do     

-Cu-Fe-Si   do    

-Cu-Mg   do    

-Cu-Mg-Fe-Mn-Si   do    

-Cu-Mg-Fe-Si   do    

-Cu-Mn-Fe-Si   do    

-Cu-Ni-Mg-Fe-Si   do    

-Cu-Sn-Fe-Si   do    

-Cu-Sn-Ni-Fe-Si   do    

D  132  alloy  Aluminum  Alloys   

Duraluminum   do    

Duraluminum  D   do    

F  132  alloy   do    

-Fe-Cu   do    

-Fe-Si-Cu   do    

Frontier  40  E   do    

Hiduminium  RR  77   do    

Impalco 


 do. 

 do. 

 do. 


...-do.. 
...-do.. 
...-do- 


740 
760 
770 

K-S  alloy 

245 
280 

Special 
Kynal 

P  5   do  

P  10   do  

-Mg  Aluminum  Alloys 

Nelson-Kalben   do  

Nelson-Kalben  Vml   do  

Noral 


B  54  S 
730 


 do.-. 

 do-. 


Ruby,  artificial 

SAE 

24 

25 

26 

29 

33 

35 

36 

38 

39 

201 

210 

212 

244 

245 

246 

260 

270 

280 

281 

290 

303 

304 

305 

306 

308 

309 

310 

311 

313  (J-453) 

320 

321 

322 

323 

324 

326 

329 

330 

331 

332 

380 

-Sb 


-Si-Fe 

Tens-50 

Ternalloy 

5 

6 

8 

Titanite 

y-Alloy 

-Zn-Cu-Fe-Si 

-Zn-Cu-Fe-Si-Mn 

40  E  alloy 

43  alloy 

100  alloy 

108  alloy 

142  alloy 

355  alloy 

356  alloy 


Alumina  and  Sapphire 

Crystals  64a,  b,  c 


Aluminum  Alloys   

 do    

 do    

-  ..do    

 do    

 do    

 do    

 do.    

 do    

 do    

 do.    

 do    

 do    

 do    

 do    

 do    

 do-...  --. 

 do    

 do    

-.  .-do    

 do    

 .--do    

 do    

 do    

 do    

 do    

 do    

 ..do    

 do    

 do    

 do    

 do    

 do    

 do    

 do    

 do.......   

 do    

 do    

 do    

 do    

Aluminum 

Semiconductor  56a 

Aluminum  Alloys   

 do    

Aluminum  Alloys   

-----do-'---  -I- 

 do  --. 

 do    

 do    

 -do    

 do    

 do    

 do    

 do  --. 

 do--    

 do    

 do    1 
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4.  Detailed  Index  of  Specific  Materials — Continued 


Material 


2014  alloy 
2014-T6 
2219-T81 
2024.T4 
3003  alloy 
4032  alloy 
5456-H  343 
6061  alloy 
6063  alloy 
6101  alloy 
7039-T61 
7075-T6 

Aluminum  brass 

Aluminum  bronze 

Aluminum -silicon 
bronze 

Alusil 

Ammonia 

Ammonium - 

NHiBr 

NH4CI 

Aniline 

Antimony 
•Bi 
■Cd 
SbSI 

SbjTes 

SbjTes-BizTes 

Architectural  bronze 

Argon 

Arsenic 

AsjSes 

As  2Te  3 

CdGeAs] 

Barium 
-(N0j)2 
■F, 

TiOj 

Benzene 


Table  heading 

Aluminum  Alloys 

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 .-_do  

 -do  

  do  

 ...do  

 do  


Figure 
number 


46 
46 


46 


46 


Copper  Alloys 
Copper  Alloys 

Copper  Alloys 
Aluminum  Alloys 


Ammonium  Ionic  and 
Molecular  Crystals  66 


Ammonium  Ionic  and 
Molecular  Crystals  

Ammonium  Ionic  and 
Molecular  Crystals  66 


Miscellaneous  Molec- 
ular Crystals 

Antimony 
Antimony  Alloys 

 -do  

Antimony  Ionic 

Crystal 
Antimony 

Semiconduc  tors 
Antimony 

Semiconductors 

Copper  Alloys 

Argon 

Arsenic 

Arsenic 

Semiconductors 
Arsenic 

Semiconductors 
Arsenic 

Semiconductors 


Barium  Ionic 

Crystab 
Barium  Ionic 

Crystals 
Barium  Ionic 

Crystals 

Miscellaneous 
Molecular  Crystals 


31a.  b 

50 
50 

62b 


35 


55 


55 


61 
61 

66 


Material 

Beryll 

Beryllium 

Beryllia 
-O 

Bismuth 

Bigg  Sbi2 

Hilger 

8016 

9506 

10283 
Lipowitz  alloy 
Bose's  metal 
-Sb 
-Sej 

-Tes 

Boron 

Boron  Triiluoride 
Brass 
Bronze 

Cadmium 
Cd  sAs  2 

Ge  As  2 

InS 

In  Se2 

In  Te2 

S 

Sb 
Sb 

Se 

Se-Zn  Te 
Te 

Calcium 

-Co  3  (marble) 
-F2 

-F  2Si  30 1 2 
Marble 
-WO  4 

Carbon  (graphite) 


Table  heading 
Minerals 
Beryllium 

;ryll 

Crystals 
jryll 

Crystals 
Bismuth 


Beryllium  Ionic 
Beryllium  Ionic 


Bismuth 

Semiconductors 

Bismuth 

  do  

-.  do  

Bismuth  Alloys 

 do  

..  do  

Bismuth 

Semiconductors 
Bismuth 

Semiconductors 


Figure 
number 


4a,  b 

60a 
60a,  b 
31a,  b 

55 

31a 

31a 

31a 

50 

50 

50 

55 


Boron 

23 

RrkiTtn  Trtni/*  l^i'vfl'f q  1 

see  Copper  Materials 

see  Copper  Materials 

Cadmium 

22a,  b,  c,  72 

Cadmium 

Semiconductors 

52b 

Cadium 

Semiconductors 

52b 

Cadmium 

Semiconductors 

52b 

Cadmium 

Semiconductors 

52b 

Cadmium 

Semiconductors 

52b 

Cadmium 

Semiconductors 

52c 

Cadmium  Alloys 

51a 

Cadmium 

Semiconductors 

52b 

Cadmium 

Semiconductors 

51a 

Cadmium 

Semiconductors 

Cadmium 

Semiconductors 

52a,  c 

Calcium  Ionic 

Crystals 

Calcium  Ionic 

Crystals 

60a,  b,  61 

 do  

61 

 do  

 do..  

'66a 

Carbon  (Graphite) 

26a,  b,  c. 

d,  e 
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4.  Detailed  Index  of  Specific  Materials — Continued 


Figure 

Material                  Table  heading  number 

Carbon  (graphite)  (cont.) 

Carbon  (Graphite) 

Acheson   do    

AGOT-KC   do   26e,  d 

Allen-Bradley   do   26a,  b 

AWG   do   26d 

Canadian  natural        Carbon  (Graphite)  26a 

CS  graphite   do   26e 

Graph-i-tite  G  grade   do   26c 

H4LM  grade   do   26c 

Lamp  black   do   26b,  c,  d 

Natural   do   26c 

Natural  Ceylon  block  do   26b,  e 

Petroleum  coke   do   26a 

Pyrolytic   do   26a,  b,  d,  e 

Resin  bonded  graphite  do   26e,  d 

Type  I  Stone              Diamond  64a,  c 

Type  II  A  Stone   do   64a 

Type  II  B  Stone   do   64a 

Cartridge  brass               Copper  Alloys   

Cerium                          Cerium  36a 


-Al 

Cerium  ethylsulfate 
Cerium  magnesium 
nitrate 


Cesium 
-Br 
■I 

Chromium 

Ferrochromium 
Cobalt 

ALX  alloy 

AMS 

5537 
5788 

ASTM-A-399-56T 


Cerium  Alloy 
Cerium  Compounds 


63a 


Cerium  Ionic 

Crystals  (very  low)  75a 


Cesium 


2a,  b 


Cesium  Ionic 

Crystals   

 do    

Chromium  11 

Chromium  Alloys   

Cobalt  15b,  16 

Cobalt  Alloys   


.do. 
.do. 


.do. 


C0AI2O4  Cobalt  Ionic  Crystals  62b 

C0C83CI5   do   75 

C0F2   do   62a 

Co  (Zn)  Fe204   do   62c 

Esco  alloy  72  Cobalt  Alloys   

G.  E.  alloy  J-1570   do..    

Stellite  alloy 

#6  Cobalt  Alloys   

#6B   do....  

Nivco-10   do    

Rexalloy  33   do    

Tantung  G   do    

Umco  670   do    

Unitemp  L-605    do    

Wallex#6   do..  

Constantan  Cu-Ni  Alloys  and 

Nickel  Alloys  43f 

Contracid  Nickel  Alloys  41 


Material 

Copper 

Admiralty  metal 
Advance 

If 

-Al-Fe 

-Al-Fe-Sn-Ni 
-Al-Ni-Si-Fe 
Alpha  brass 
Aluminum  brass 
Aluminum  bronze 

Aluminum-silicon 
bronze 

Ambraloy 

901 
917 
928 

Ampco 

15 

metal  8 
metal  12 
metal  16 
metal  18 
metal  20 
metal  21 
metal  22 

AMS 

4510 
4520 
4555 
4610 

4611  B 

4612  C 
4619 
4625 
4630 
4630  D 

4630  E 

4631  C 
4632 

4632  B 
4632  C 
4635 
4635  B 
4640 
4720 
4860 
4860  A 
4862  B 

Amsulf 

Amzirc 


Table  heading 

Copper 

Copper  Alloys 
Cu-Ni  Alloys 
Copper  Alloys 

 do  

 do  

 do  

 do  

 do  

 do  

 do  


Copper  Alloys 


Copper  Alloys 
Cu-Ni  Alloys 
Copper  Alloys 


Copper  Alloys 

 do... 

 do.. 

 do.. 

 do.. 

 do.. 

 do.. 

 do- 


Copper  Alloys 

 do  

 do.... 

 do.... 

 ...-do.... 

 do-... 

 do--. 

 do-.. 

 do.... 

 do-.. 

 do--. 

 dO--- 

 ...do.... 

 do-.. 

 do.... 

 do..-. 

 do.... 

Cu-Ni  Alloys 
Copper  Alloys 

 do  

 do..-. 

Copper  Alloys 

Commercial  Cu 

 do.... 


Architectural  bronze  Copper  Alloys 
-As   do.. 


ASTM 

139  alloy  B2 
148  alloy  9D 


Copper  Alloys 
Cu-Ni  Alloys 
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4.  Detailed  Index  of  Specific  Materials — Continued 


Material 
ASTM  (cont.) 

171 

411 

B  14 

B  16 

B  19 

B  21-A 

B  21  alloy  A 

B  21  alloy  B 

B  21  alloy  C 

B  30-54 

B  30  alloy  13  B 

B  36 

B  36  #1 

B  36  #2 

B  36  #3 

B  36  #4 

B  36  #6 

B  43 

B  62-52 

B  96 

B  97 

B  97  alloy  A 
B  97  alloy  B 
B  97  alloy  B-12 
B  98  alloy  B-12 
B  99  alloy  A 
B  99  alloy  B 
B  100 
B  103 
B  103-A 
B  105 
B  111 

B  112  alloy  2 
B  121  alloy  A 
B  121  alloy  3 
B  121  alloy  5 
B  121  alloy  6 
B  122 

B  122  alloy  2 

B  122  alloy  4 

B  124 

B  124  #3 

B  124  alloy  2 

B  124  alloy  3 

B  124  alloy  4 

B  124  alloy  11  A 

B  124  alloy  11  B 

B  130 

B  134  #1 

B  134  #2 

B  134  #3 

B  134  #4 

B  134  #6 

B  134  #7 

B  135  #1 

B  135  #2 

B  135  #5 

B  135  alloy  3 

B  135  alloy  4 

B  138  #8 

B  138  alloy  A 

B  139 

B  139-A 

B  139  alloy  B2 

B  139  alloy  C 

B  140  alloy  B 

B  142-52-8A 

B  143-52 

B  144-52 

B  147-52-8C 


Table  heading 


Figure 
number 


Cu-Ni  Alloys   

 do    

Copper  Alloys   

 do    

 '.do    

 do    

 do    

 do^    

 do    

 do    

 do    

 do    

 do    

 do    

 do    

 do    

 do    

 do    

Copper  Alloys   

 do    

 do    

 do    

 do    

 do    

 do    

 do    

 do    

 do    

 do    

 do    

 do    

 do    

Cu-Ni  Alloys   

Copper  Alloys   

----]-]^Ido^";'"' 

 do    

Cu-Ni  Ali^s   

^""^-^"Ido'^]-]-] 

Copper  Alloys   

I'--^""-]doI""-]- 

 do    

 do    

 do    

Cu-Ni  Alloys   

Copper  Alloys   

 do    

 do    

 do    

 do    

 do    

 do    

 do    

 do    

 do    

 do    

 do     

 do    ... 

 do    

Copper  Alloys   

-]-'-'""do]^^^--I  llllllllllll 

Copper  Alloys   

-]--]^]-Ido---I--I  I"""-!"" 

 do...   

 do.    

 do    


Figure 

Material  Table  heading  number 

B  147  alloy  8A  Copper  Alloys 

B  147  alloy  8A    do 

B  148  Cu-Ni  Alloys 

B  148  alloy  9A  Copper  Alloys 

B  148  alloy  9C   do 

I     B  148  GR  9B   do 

B  150   do 

B  150  alloy  1    do 

B  150  alloy  2  Cu-Ni  Alloys 

B  150  alloy  3  Copper  Alloys 

B  151  alloy  A  Cu-Ni  Alloys 

B  151-B   do  

B  159  Copper  Alloys 

B  159- A   do 

B  159  alloy  D   do 

B  169   do 

B  169  alloy  A   do 

B  169  alloy  D   do 

B  171  Cu-Ni  Alloys 
B  176  alloy 

ZS  144  A  Copper  Alloys  ... 

B  194   do 

B  196   do 

B  197   do 

B  198  alloy  13  B   do 

B  206-B  Cu-Ni  Alloys 

B  206  alloy  A    do 

B  225   do 

B-265  GR.  6    do 

B  265-58  T  GR.  7   do 

B  283   do  

B  301-58  Commercial  Copper   

B  348  Copper  Alloys 

B  395   do    .1.  '. 

Au   do   43a 

Aur-O-Met  145   do  

Avialite  915   do  

Bohnalloy  R-57   do  

Be-copper   do  

Brass   do   43a,  c 

Bridgeport   do  

54  Copper  Alloys    . 

712   do  

Bridgeport  alloy 

77  Copper  Alloys   

520   do    

British  B.S. 

251  Copper  Alloys   

252   do  

378   do  

409   do.  

885   do    

886   do    

1464   do  

1541   do     

CABRA  #405   do    

Canduloy  Cu-Ni  Alloys   
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4.  Detailed  Index  of  Specific  Materials — Continued 


Figure 

Material  Table  heading  number 

Cartridge  brass  Copper  Alloys   

-Cd-Fe   do    

-Cd-Fe-Si   do    

C.D.C.  manganese 

alloy  #720  Cu-Ni  Alloys   

Chase  444  bronze  Copper  Alloys   

Chomet  bronze 

type  A   do    

Chromium-Cu  Commercial  Cu   

Commercial  bronze  Copper  Alloys   

Conflex  720  alloy  Cu-Ni  Alloys   

Constantan   do   43f 

Contact  bronze  Copper  Alloys   

Copper  alloy  #377   do    

Copper  alloy  #385   do    

Copper-sulphate  Cu  Ionic  Crystals   

Crucible  A  40  Copper  Alloys   

Crucible  B-320  VCA   do    

Crucible  C-115 

A  MOV   do    

Crucible  C-135  AMO   do    

Cu-Au   do    

Cufenloy  30  Cu-Ni  Alloys   

Cu-Mn  Copper  Alloys   

Cunisil 

647  Cu-Ni  Alloys   

837   -do    

Cupaloy  Commercial  Copper   

Cupro-nickel 

30%  707  Cu-Ni  Alloys   

10%  755   do    

Cu(NH4)2Br4 

•  2H  2O  Copper  Ionic  Crystals  75b 

Cu(NH4)2Cl4 

•  2H2O   do   62b,  75a 

CuS04«5H20   do   75b 

DHP  Copper  Copper  Alloys   

Duronze 

606  Copper  Alloys   

609   do    

632   do    

707   do    

Eureka  Cu-Ni  Alloys   

ETP  copper  Commercial  Copper  43b 

Everdur 

655  Copper  Alloys   

1010   do    

1014   do    

1015   do    

Extra-high- 
leaded-brass   do    

-Fe-Mg  Cu-Ni  Alloys   

-Fe-Mg-C   do    

-Fe-Mg-Mn   do    

-Fe-Mn-Si-C  Copper  Alloys   

-Fe-Ni-Be   do    

-FeO  2  Copper  Alloys   

-Fe02S   do    

-Fe-Pb-Zn   do    

Ferry  Cu-Ni  Alloys   

-Fe-2n  Copper  Alloys   

Forging  brass   do    

Free-cutting  brass   do    

Free-cutting 

phosphor  bronze   do    

Free-machining 

copper  Commercial  Copper   


Material 

-Ge 

German  silver 
German  silver 
-GeSes 
Gilding  brass 
Harvey  H4-7146 
Herculoy 

420 

421 

High  leaded  brass 
High  silicon 

bronze  (A) 
Hy-Ten-Sl  #1 
Ideal 
-In 

Inhibited  admiralty 
Jewelry  bronze 
Kentanium 
Leaded  commercial 

bronze 
Leaded  Cu 
Leaded  muntz  metal 
Leaded  naval  brass 
Leaded  naval 

brass  605 
Low  brass 
Low -leaded  brass 
Low  silicon 

bronze  (B) 
Lumen  alloy  9 
Lumen  alloy 

9 

11-C 
20 

Lumen  97 

Magnet  wire 

Mallory-3 

MaUory  53B 

Mallory  100 

Manganin 

Manganine 

Manganese  bronze 

Medium-leaded  brass 

Midohm 

MIL- 

B-895 

B-6946 

B-159  39  comp.  5 

B-160  33  class  1 

B-212  30  A 

C-175  16  comp.  #2 

C-19311 
-Mn-Fe 
-Mn-Fe-Mg 
-Mn-Fe-Mg-C 
MST 

431 

4  Al-4  Mn 

5  Al-2.5  Sn 

7  Al-4  Mo 

8  Mn 
Mueller  515 
Mueller  803 
Mueller  brass 

alloy  799 
Muntz  metal 
Naval  brass 
Navj;  "M" 
Neusilber 
Neusilber 
Nialite 
Ni-Bral 


Table  heading 

Copper  Alloys 

 do  

Cu-Ni  Alloys 
Copper  Alloys 

 do  

Copper  Alloys 

Copper  Alloys 

 do  

 do  

 do  

 do  

Cu-Ni  Alloys 
Copper  Alloys 

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

Copper  Alloys 

 do  

 do  

 do  

 do  

 do  

 do  


Figure 
number 


43a,  c 
43a 


Cu-Ni  Alloys 

Copper  Alloys 

 do  

 do.... 

 do-... 

Cu-Ni  Alloys 
Copper  Alloys 
Commercial  Cu 
Copper  Alloys 

 do  

 do.... 

Copper  Alloys 

 do  

 do.... 

 do.-.. 

 do.... 

Cu-Ni  Alloys 
Copper  Alloys 

Commercial  Cu 
Copper  Alloys 

 do  

 do.... 

Cu-Ni  Alloys 
Copper  Alloys 
Cu-Ni  AU^s 


43a 


43b 


Commercial  Cu 

 do  

 do  

43e 

Copper  Alloys 

 do  

.  43a 

 do  

 do  

 do  

43a 
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Material 


Table  heading 


Figure 
number 


Material 


Table  heading 


Figure 
number 


Nickel  silver 

65-12+55-18  Cu-Ni  Alloys   

65-18   do    

Nicuite   do    

Nironze  635   do    

Noranda-3770  Copper  Alloys   

OFHC  Commercial  Cu  43b 

Olin  605  Copper  Alloys   

-P   do    

-Pb-Sn-Ni-P   do    

-Pb-Zn   do   43c 

-Pd  Copper  Alloys  43a 

Phosphor  bronze   do   43c 

Phosphor  bronze  alloy 

A  Copper  Alloys   

C   do    

D   do    

E   do    

Platinoid  Cu-Ni  Alloys  43a 

Platinoid  Copper  Alloys  43a,  c 

Red  brass   do    

Rem-Cru 

A-55   do    

A-70   do    

A-110  AT   do    

C-110  M   do    

120  AV   do    

135  A  Mo   do    

Republic 

RS  110-A  Copper  Alloys   

RS  110-C   do    

RS  130   do    

RS  135   do    

Resistae  #1   do    

Revere 

140  Copper  Alloys   

240   do    

429   do    

430   do    

454   do    

508  Commercial  Cu   

533   do    

575   do    

770   do    

alloy  2  Copper  Alloys   

alloy  411   do    

Riverside 

4  Commercial  Cu   

105  Copper  Alloys   

R.W.M.A  Gr.  A 

class  2  Commercial  Cu   

SAE 

43  Copper  Alloys   

68  A  Cu-Ni  Alloys   

68  A  Gr.  A  cast       Copper  Alloys   

68  Gr.  B   do    

70  A   do    

72   do    

73   do    

74   do    

74  C   do    

74  D   do    

77   do    

79  A   do    


SAE  (cont.) 


79  B  Copper  Alloys   

80  A  Copper  Alloys   

81   do    

88   do  

430  B   do    

701  Cu-Ni  Alloys   

701  B  Copper  Alloys   

791   do    

7018   do    

Scobronze   do    

-SbSe  2  Cu  Semiconductors  56a 

-Sb-Sn   do   56a 

Seymour 

12  A  1  Cu-Ni  Alloys   

910  Copper  Alloys   

928   do    

950   do    

9494   do    

-Si-Fe  Cu-Ni  Alloys   

-Si-Fe  Copper  Alloys   

Si-Mn-Fe   do    

-Si-Zn-Fe   do    

Silber  bronze   do   43a 

Silicon  bronze   do   43b 

-Sn   do    

-Sn-Se  3  Cu  Semiconductors  56a 

-Sn-Zn-Fe  Copper  Alloys   

Superston  40  Cu-Ni  Alloys   

Tellurium  copper  Commercial  Cu   

-Ti-4Al-3Mo-lV  Copper  Alloys   

-Ti-5Al-2.5Sn   do    

-Ti-7Al-4Mo   do    

-Ti-8Al-lMo-lV   do    

.Ti-155  A   do    

-Ti-6Ar-6V-2Sn   do    

-Ti-2Fe-2Cr-3Al   do    

-Ti-8Mn   do    

-Ti-0-15Pd   do    

-Ti-13V-llCr-3Al   do    

Tuf-Stuf 

224  C  Copper  Alloys   

224  E-75   do    

224  H   do    

224  K   do    

Tobin  bronze  452   do    

Tombasil   do    

Wearite  4-13   do    

Yellow  brass   do    

-Zn   do   43b 

-Zn-Al-Fe   do    

-Zn-Al-Mn-Fe   do    

-Zn-Fe   do    

-Zn-Fe  Cu-Ni  Alloys   

-Zn-Fe-Mn-C   do._    

-Zn-Fe-Sn-Pb-Mn  Copper  Alloys   

-Zn-Ni-Mn-Fe   do    

-Zn-Ni-Mn-Fe-C   do    

-Zn-Ni-Mn-Fe-Mg   do    

-Zn-Ni-Pb-Sn-Fe   do    

-Zn-Pb-Fe   do    

-Zn-Pb-Fe-S   do    

-Zn-Pb-Sn-Mn-Fe  Cu-Ni  Alloys   

-Zn-Si-Mn-Fe  Copper  Alloys   

-Zn-Sn-Fe-Mn-AI   do    

-Zn-Sn-Pb-Fe   do.    

-Zn-Sn-Pb-Fe-Al-Si   do    

-Zn-Sn-Pb-Fe-P   do    
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Material 
Corundum 

Cupro-nickel 
Diamond 

Type  I  stone 

Type  Ila  stone 

Type  lib  stone 
Diphenylaniine 

Dowmetal 
Dural 

Dysprosium 

Dysprosium-Al  garnet 
Easy-fio 
Epibond 
Erbium 

Erbium-Al  garnet 
Eureka 
Europiunj 

-O 
Everdur 
Ferrosilicon 
Gadolinium 

Cadolinium-AI  garnet 
Gallium 

-As 

Ga  P 

-Sb 

Garnets 
Germanium 

-O2 

German  silver 

Glass 

Crown  glass 

Fotoceram 

Glass  S49-2 

J16  III 

Jena  16  III 

Jena  gerate  20  glass 

Monax 

Phoenix 

Porcelain 

Pyrex 

7740  Pyrex 

Pyroceram 

Quartz 

Silica 

SiO  2  glass 

Soda  lime  glass 

Tburingian  glass 
Glycerine 

Gold 

-Ag 

-Cd 

-Cn 

-Co 

-Cu 

-Fe 

-Pd 

-Pt 

-Sn 

-Zn 
Grease 
Grossularite 
Hafnium 

-Ta 


Table  heading 

Alumina  and  Sapphire 

Crystals 
Cu-Ni  Alloys 
Diamond 

 do  

 do  

 do  

Miscellaneous 

Molecular  Crystals  . 
Magnesium  Alloys 
Aluminum  Alloys 
Dysprosium 
Rare  Earth  Garnets 
Silver  Alloys 
Polymers 
Erbium 

Rare  Earth  Garnets 
Cu-Ni  Alloys 

Europium  Compound 
Copper  Alloys 
Silicon  Alloys 
Gadolinium 
Rare  Earth  Garnets 
Gallium 
Gallium 

Semiconductors 
Gallium 

Semiconductors 
Gallium 

Semiconductors 
Rare  Earth  Garnets 
Germanium 

Germanium  Ionic 

Crystals 
Copper  Alloys  and 

Cu-Ni  Alloys 


Figure 
number 


64a,  b,  c 

64a,  c 
64a,  c 
64a 
64a 


25a,  b,  73 

53a,  b,  c,  d 

53a,  c 

53b,  c,  d 

28arb,  c,  ' 
d,  74 

62b 

43a,  c 


Disorder  Dielectrics 

67b 

 do  

67b 

 do  

67a 

 do  

67b 

 do  

67b 

 do  

67b 

 do  

67b 

 do  

67a 

 do  

67a 

 do  

76 

 do  

67a 

 do  

67b 

 do  

67a 

 do  

67b 

 do  

67a,  76 

 do  

67b 

 do  

Miscellaneous 

Molecular  Crystals 

Gold 

20b,  21,  71 

Gold  Alloys 
 do  

45a 

 do  

... 

 do  

45b 

 do  

45a 

 do  

45a,  b 

 do  

45a 

 do  

45a 

 do  

45a,  b 

 do  

Polymers 

68c 

Minerals 

63b 

Hafnium 

7 

Hafnium  Alloys 

Material 

Hastelloy 
Helium 
Hessonite 
Holmium 
-Al 

-(C2H5S04)3*9H20 

Hydrogen 
Illium 
Inconel 
Indium 


-As 

36a,  b 

-Bi 

44a 

-Ga-Sb 

76 

36b,  38 

-P 

-Pb 

-Sb 

63a 

-Sn 

-Te3 

36b,  37 

-Tl 

Iridium 
Iron 
AISI 
94  B30 
301 
303 
304 
316 
325 
330 
347 
410 
416 
443 
2330 
3120 
3130 
3140 
3150 
4023 
4340 
4422 
4615 
5140 
5150 
6145 
6150 
6170 
8630 
8735 
8740 
8742 
9440 
9840 
AMS  6302 
-Al-Si-Mn-C-S 
Allegheny 
42 
88y 
Alloy  300  M 
Armco  iron 
ASTM 
322 

A  157-44 
A  182 
A  193-52T 
A  223 
A  268 
A  274 
A  296 


Table  heading 

Nickel  Alloys 
Helium 
Minerals 
Holmium 

Holmium  Compounds 

 do  

Hydrogen 
Nickel  Alloys 

 do  

Indium 
Indium 

Semiconductors 
Indium  Alloys 
Indium 

Semiconductors 

 do  

Indium  Alloys 
Indium 

Semiconductors 
Indium  Alloys 
Indium 

Semiconductors 
Indium  Alloys 
Iridium 
Iron 

Alloy  Steels 
Stainless  Steels 

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

Alloy  Steels 

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do-.  

 do  

Iron  Alloys 
Alloy  Steels 

 do  

Iron 

Alloy  Steels 

 do  

Stainless  Steels 
Alloy  Steels 
Stainless  Steels 

 do  

Alloy  Steels 
Stainless  Steels 


Figure 
number 

41 

34a,  b,  c,  d 
63b 

36b,  38,  74 

63a 
1 


25a,  b,  73 
53b 


53c 
53c,  d 
47 

53a,  b,  c,  d 
47 


47,  75a,  b 
18a,  b 
15a,  b,  69 


40a 
40a 
40a 


40b 
40b 


15a 


602 


4.  Detailed  Index  of  Specific  Materials — Continued 


Material 


Table  heading 


Figure 
number 


Iron  (cont.) 


A  304  Alloy  Steels   

A  322   do    

A  331   do    

A  351  Stainless  Steels   

Atlar  CM  Alloy  Steels   

Austenitic  steel  Stainless  Steels  40a 

Bethlehem  #7  Iron  Alloys   

Boron  stainless  steel    Stainless  Steels   

-C-Si-Mn-Cu-P-S  Carbon  Steels  and 

Cast  Iron   

-C-Si-Mn-S-P  Carbon  Steels  and 

Cast  Iron   

Carpenter  high 

permeability  49  Iron  Alloys   

Carpenter  stainless 

#3  Stainless  Steels   

#20   do    

Carpenter 

42  Iron  Alloys   

709  Alloy  Steels   

Cascade   do    

Ceramovar  Iron  Alloys   

Chatillon  709  Alloy  Steels   

Colhead  Carbon  Steels  and 

Cast  Iron   

Cooper  alloy  145  Stainless  Steels   

-Co  (Zn)  Fe202  Iron  Ionic  Crystals  62c 

-Cr  Stainless  Steels  40b 

Cronax   do    

Cyclops  17  B   do    

D-H  #42  Iron  Alloys   

Donegal  D-28  Stainless  Steels   

Ductalloy  Carbon  Steels  and 

Cast  Iron   

Duralloy  H  T  Stainless  Steels   

Durarnold  B  Alloy  Steels   

Durehete  900   do    

Durehete  950   do    

Dynaflex   do    

En  31   do    

ERA/ATV  Iron  Alloys  40a 

Esco-12m  Alloy  Steels   

Fe  Al  jO  4  Iron  Ionic  Crystals   

Fe04   do    

Fe  •  5Zn  •  5Fe204   do    

Ferro-chromium  Iron  Alloys   

Ferro-manganese   do    

Ferro-silicon   do    

Ferrovac  4340  Alloy  Steels   

Firth -Vicker 

FV  520  Stainless  Steels   

FV  520  B   do    

326   do    

448   do    

French  AFNOR 

18  CDV  4  Alloy  Steels   

Hardtem   do    

Hecla   do    

Heppenstall 

T  73  Alloy  Steels   

5  H  50   do    

6  H  55   do    

Hi  Qua-Led  43L40   do    

Hiperco  27  Iron  Alloys   

Hotpure  Alloy  Steels   

HWD 

#1  Alloy  Steels   

#2   do--.  

Hy-Tem  "B"  temper 

#2   ..do    

#3-x   do    


Material 

Impacto 
Jessop  #200 
Kanthal-A 
Kovar  "A" 
Latrobe  C.  L.  W. 
Lominium 
Macloy  G  steel 
Malleable  iron 

Manganese  steel 

Meehanite 
GE 

HR 

Mild  steel 

10-Mn-Al4 

-Mn-C-Si 

-MnFe204 

-Mn-Ni-Si 

-Mn-Si-S-C-P 
-Ni 

-Ni-Mo 

Ni-resist 

Ni-resist 

Ni-resist  ductile  iron 
Ni-resist  ductile  iron 

NiloK 
Orion 

OSRM  iron  1265 
Peerless 
Potomac  A 
Pressurdie  2 
Rodar 

SAE 


Table  heading 

 do  

Alloy  Steels 
Stainless  Steels 
Iron  Alloys 
Alloy  Steels 

 do  

Iron  Alloys 
Carbon  Steels  and 

Cast  Iron 
Alloy  Steels 


Carbon  Steels  and 

Cast  Iron 
Carbon  Steels  and 

Cast  Iron 
Carbon  Steels  and 

Cast  Iron 
Carbon  Steels  and 

Cast  Iron 
Alloy  Steels 
Stainless  Steels 
Carbon  Steels  and 

Cast  Iron 
Alloy  Steels 
Iron  Alloys 
Alloy  Steels 

 do  

Carbon  Steels  and 

Cast  Iron 
Alloy  Steels 
Carbon  Steels  and 

Cast  Iron 
Iron  Alloys 
Alloy  Steels 
Iron 

Alloy  Steels 

 do  

 do  

 do  


1010 

Carbon  Steels  and 

Cast  Iron 

1020 

Carbon  Steels  and 

Cast  Iron 

1095 

Carbon  Steels  and 

Cast  Iron 

3130 

Alloy  Steels 

4130 

.  .   do.  

5141  6F 

Stainless  Steels 

8630 

Alloy  Steels 

8740 

 do  

9840 

 do  

Sandvik  11  R  51 

Stainless  Steels 

Seneco  hot  die 

Alloy  Steels 

-Si 

Iron  Alloys 

Silicrome-RA 

Stainless  Steels 

Silver  steel 

Carbon  Steels  and 

Cast  Iron 

Speed  alloy 

Alloy  Steels 

TTSt. 

35 

Carbon  Steels  and 

Cast  Iron 

45 

Carbon  Steels  and 

Cast  Iron 

T-loy  34 

Alloy  Steels 

Thermold  422 

 do  

Timang 

 do  

Timkem 

 ...do  

HS-260 

Alloy  Steels 

4419 

  do  

Tricent 

 do  
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Material 


Table  heading 


Figure 
number 


Type 

10  Ni  14  Alloy  Steels  40b 

12  Ni  19   do   40b 

12870   do..   40b 

1287  I   do   40b 

1798  H   do   40b 

X  8  Ni  9   do   40b 

X  40  Mn  Cr  42   do    

3703  Alloy  Steels  40b 

3754  Stainless  Steels  40a 

Unitemp-14MV  Alloy  Steels   

Uniloy  1420  WM   do    

\  anadium  type  "D"   do    

Westinghouse  W  545  Stainless  Steels   

Wrought  iron  Iron  15a 

Wrought  iron  Carbon  Steels  and 

Cast  Iron   

X  5-Cr-Ni-]8-9  Stainless  Steels   

X  8-Cr.Ni-Mo-Nb- 

16-16   do    

X  8-Cr-Ni-Nb-16-13   do    

X  10-Cr-Ni-Mo-Ti- 

18-10   do    

10-Mn-Al  4  Carbon  Steels  and 

Cast  Iron   

Krjpton  Krypton  35 

Lanthanum  Lanthanum  5a,  b 

LMN  (lanthanum 

magnesium  nitrate)  Miscellaneous  Alloys 

(very  low  T)   

-S  Lanthanum 

Semimetals 
 do  


-Sb 

-Se 
-Te 

Lead 

-Bi 
-In 
-S 
-Sb 

-Sb-Sn 

-Se 

-Sn 

Tadanac 
-Te 

Lipowitz  alloy 
Lithium 
-F 


-NbO  3 

Lucite 
Lutetium 

Lutetium-Al  garnet 
Magnesium 

AI2O4 

AM-C  595 
ASTM 

A  8 

A  10 

AM  80  A 
AZ  31  X,  A,  B 
AZ  80  X,  A 
AZ  81  A  (T4) 
AZ  91  A,  B,  C 
AZ92,  A 
EK  30  A 
HK  31  A 


_do- 
.do- 


Lead 


Lead  Alloys 

 do  

Lead  Semiconductors 
Lead  Alloys 

 do  

Lead  Semiconductors 

Lead  Alloys 

Lead 

Lead  Semiconductors 
Bismuth  Alloys 
Lithium 
Lithium 

Semiconductors 
Lithium  Ionic 

Crystals 
Lithium  Ionic 

Crystals 
Polymers 
Lutetium 

Rare  Earth  Garnets 
Magnesium 
Magnesium  Ionic 

Crystals 
Magnesium  Alloys 

Magnesium  Alloys 

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  


Material 

Magnesium  (cont.) 

HM  11  X  A 

HM  21  A 

HM  31  A 

HZ  32  A 

MI  A,  B 

MSR-A 

ZE  41  A 

ZII  42 

ZH  62  A 

ZK  21  A 

ZK  41  A 

63,  A 

100  A 
British  DTD 

59  A 

88  B 

118 

120  A 

136  A 

140  A 

142 

259 

289 

5025 
British  RZ  5 

Dowmetal 
A 
C 


56b 

EK  30  A 

EK  41  A 

56a 

EZ  33  A 

56b 

FS-1 

56b 

H 

29a,  30a,  b. 

HK  31  X  A 

74 

HZ  32  X  A 

48b,  49 

M 

48b,  49 

0-1 

54 

R,  RC 

6 

54 

Eclipsaloy 

130 

49 

517 

29a,  30a,  b 

Elektron 

54 

A8,  A8K 

50 

AM  503 

2a,  b 

AZG 

AZM 

56a 

PJ.  91 

AZ  855 

57a,  b,  c,  75a 

MCZ 

TZ  6 

57b 

ZER  0 

68c 

ZRE  1 

36b,  38 

ZT  1 

ZW  3 

4a,  b 

Z5Z 

61 

VI 

-FeAljOi 

Flylite  ZRE-1 
Ge 

Mazlo 

AM-C  528 
AM-C  58S 
AM  35 
AM  240 
AM  241 
AM  244 
AM  260 


Table  heading 


Magnesium  Alloys 

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

Magnesium  Alloys 

 do  

 _.do  

Magnesium  Alloys 

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  


Magnesium  Alloys 
 do  


Magnesium  Alloys 

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

Magnesium  Ionic 

Crystals 
Magnesium  Alloys 
Magnesium 

Semiconductors 

Magnesium  Alloys 

 do  

 do  

 do  

 do  

 do  

 do  
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Material 
Mazio  (conl.) 

AM  263 

AM  265 

AM  403 
Mg-Ag 
Mg-Al 

Mg-Al-Cd-Sn 

Mg-Al-Zn-Cd-Sn 

Mg-Al-Zn-Cu 

Mg-Ce 

Mg-Cu 

Mg-Cu-Si 

Mg-Mn 

Mg-Ni 

MgO«3.5  AI2O 


2'^  3 


Mg-Si 

Mg-Si-Al 

Mg-Sn 

Mg-Zn 

Mg-Zn-Cu 

-Sn 

Magnet  wire 
Manganese 


C.D.C  manganese  alloy 


Table  heading 


Magnesinm  Alloys 

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

 do  

Magnesium  Ionic 

Crystals 
Magnesium  Alloys 

 do  

 do  

 do  

 do  

Magnesium  Ionic 

Crystals 
Magnesium 

Semiconductors 
Commercial  Cu 
Manganese 


Figure 
number 


#772 
#780 
-F2 

-FejOi 

Ferromanganese 
Manganese  ferrite 

MnxFe3.i04 

-O 


-Si 


1.73 


Manganese  Alloys 

 do  

Manganese  Ionic 

Crystals 
Manganese  Ionic 

Crystals 
Manganese  Alloys 
Manganese  Ionic 

Crystals 
Manganese  Ionic 

Crystals 
Manganese  Ionic 

Crystals 
Manganese 
Semimetals 


Manganese  bronze 

Manganin 

Marble 

Mercury 
-Be 

-Te 

Methane 

Minerals 

Almandite 

Beryll 

Grossularite 

Hessonite 

Rhodolite 

Rock  salt 

Spessartite 

Svlvite 

Topaz 

Tourmaline 

Zincblend 
Molecular  crystals 

Ammonia 

Ammonium  bromide 


61 


60b,  61 

56a 
43e 
13 


62a 
62c 


62c 
62c 
62b 
56b 


Copper  Alloys 

43a 

Copper  Alloys 

Calcium  Ionic 

Crystals 

22a,  d 

Mercury 

Mercury 

56a 

Semiconductors 

Mercury 

56a 

Semiconductors 

Miscellaneous 

Molecular  Crystals 

66 

Minerals 

63b 

 do  

 do  

63b 
63b 
63b 

 do  

 do  

 do  

 do  

63b 

do  

 do    

 do    

 do    

Ammonium  Ionic  and 
Molecular  Crystals 

Ammonium  Ionic  and 
Molecular  Crystals 


66 


Figure 

Material  Table  heading  number 

Molecular  crystals  (cont.) 

Ammonium  Chloride   Ammonium  Ionic  and 

Molecular  Crystals  66 
Aniline  Miscellaneous 

Molecular  Crystals   

Benzene  Miscellaneous 

Molecular  Crystals  66 
CH  4  Miscellaneous 

Molecular  Crystals  66 
C  eH  6  Miscellaneous 

Molecular  Crystals   

D  2O  Water  Molecular 

Crystals  66 
Diphenylamine  Miscellaneous 

Molecular  Crystals   

Glycerine  Miscellaneous 

Molecular  Crystals   

H  2O  Water  Molecular 

Crystals  66 
Methane  Miscellaneous 

Molecular  Crystals  66 

Methylammonium 

aluminum  alum       Ammonium  Ionic  and 

Molecular  Crystals  66 
Naphthaline  Miscellaneous 

Molecular  Crystals   

Naphthol  Miscellaneous 

Molecular  Crystals   

NH  4  Ammonium  Ionic  and 

Molecular  Crystals  66 
NH  4Br  Ammonium  Ionic  and 

Molecular  Crystals   

NH  4CI  Ammonium  Ionic  and 

Molecular  Crystals  66 
Nitrobenzene  Miscellaneous 

Molecular  Crystals   

4-nitropheno  Miscellaneous 

Molecular  Crystals   

Paraffin  Miscellaneous 

Molecular  Crystals   

Water  Water  Molecular 

Crystals  66 
Water  (heavy)  Water  Molecular 

Crystals  66 
Molybdenum  Molybdenum  12a,  b 

Climelt  Molybdenum  Alloys   

Fansteel  42  Molybdenum   

TZM   do    

-Re   do   51b 

Monel  Nickel  Alloys   

Muntz  metal  (leaded)     Copper  Alloys   

Naphthaline  Miscellaneous 

Molecular  Crystals   

Naphthol  Miscellaneous 

Molecular  Crystals   

Naval  brass  Copper  Alloys   

Neodymium  Neodymium   

Neon  Neon  35 

Neptunium  Neptunium   

Nickel  Nickel  15b,  16, 69 

A  nickel  Nickel  Alloys   

ACl  type  HW   do    

AISI  680   do     

Alloy  M  252   do     

ASTM 

A  399-56  T   do    

B  127-58  T   do    

B  160-58  T   do    

B  166   do    

F  290-57  T   do     
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4.  Detailed  Index  of  Specific  Materials — Continued 


Figure 
number 


Material 


ParafKn 


Material  Table  heading 

Nickel  (conl.) 

Calite  "N"  Nickel  Alloys    Phenolfonnaldehyde 

Chromen  B2  Mo   do     (PF) 

Circle  Lin   do     Phosphor  bronze 

-Co-Mn-Fe-Cu-Si   do     Phosphorus 

Colmanoy  #  6   do     White 

Constantan   do     Yellow 

Conlracid  B7M   do   41  Platinoid 

Corronel  220   do     Platinum 

-Cu   do     -Au 

D  nickel   do     -Ir 

Durca  D-10   do     -Pd 

G-E  alloy  J-1500   do     -Rh 

Hastealloy  -W 

A  Nickel  Alloys    Plutonium 

B   do     Polyamide  (PA) 

C  _   --do     Polychlorotrifluoro- 

D   do     ethylene  (PCTFE) 

R-235   do     Polydichloromethyloxa- 

X   do   41  cyclobutane 

lUium  (PDCMOCB) 

G  Nickel  Alloys    Polyesterurethane 

R   do     (PEU) 

Incoloy  alloy  825   do     Polyethylene  (PE) 

Inconel   do     Polyethylterephthalate 

Inconel  (PET) 

Alloy  521   do     Polyglycol  (PG) 

702   do     Polyisobulylene  (PIB) 

718   do     Polymethylmetha- 

Johnson,  Matthey  crylate  (PMMA) 

Nickel  Nickel  Alloys    Polymers 

890  Ni  and  30  Cu   do   41  Apiezon-N  vacuum 

K-42-B   do     grease 

K  monel   do     Epibond 

M-252   do     G.E.  varnish  #7031 

MIL-W-4471   do     Grease 

Misco  HN-2   do     C-grease 

-Mn-Fe-Cu   do     N-grease 

Monel   do     S -grease 

Monel  alloy  400   do     Lucite  II 

Mor-M -alloy  200   do     Nylon 

NisFe   do     Nylon  66 

Ni3La2(N03)i2  Nylon  101 

•2H2O  Nickel  Ionic  Crystal  SN -19  nylon 

(very  low  T)  75a  Phenolformaldehyde 

Ni  0,  sZn  0.  yFe  2O  4  Nickel  Ionic  Crystals  62c  (PF) 

Nimonic  alloy  115  Nickel  Alloys    Polyamide  (PA) 

-O  Nickel  Ionic  Crystals  62b  Polychlorotrifluoro- 

Permanickel  Nickel  Alloys    ethylene  (PCTFE) 

SM-200   do     Polydichloromethyl- 

TD  nickel   do     oxacyclobutane 

Unitemp  (PDCMOCB) 

HX   do     Polyesterurethane 

M  252   do     (PEU) 

Niobium  Niobium  9,  70  Polyethylene  (PE) 

NbsSn  Niobium  Alloys  51a  Polyethylterephtha- 

-C  Niobium  Ionic  late  (PET) 

Crystal  62b  Polyglycol  (PG) 

-C  Niobium  Semimetals  56b  Polyisobulylene 

-Ta  Niobium  Alloys    (PIB) 

•Ti                                          _-do   51b  Polymethylmetha- 

-Zr   do   51b  crylate  (PMMA) 

Nitrogen  Nitrogen  1  Polystyrene  (PS) 

4-nitropheno  Miscellaneous  Polytetrafluoro- 

Molecular  Crystals    ethylene  (PTFE) 

Nylon  Polymers  68a,  b,  76  Polyvinylacetate 

Osmium  Osmium  18a,  b  (PVA) 

Palladium  Palladium  17a,  b,  69  Polyvinylchloride 

-Ag  Palladium  Alloys  42  (PVC) 

-Au   do     Rubber 

-Cu-Au   do   42  natural 

-Ft   do     silicon 


Figure 

Table  heading  number 

Miscellaneous 

Molecular  Crystals   

Polymers  68a 

Copper  Alloys  43c 

Phosphorus  31a,  b 

 do    

 do   ... 

Cu-Ni  Alloys  43a 
Platinum  18a,  b,  69 

Platinum  Alloys  42 

 do    . 

 do    

 do    

 do    

Plutonium  39 

Polymers  68b 

Polymers  68c,  76 


Polymers 

Polymers 
Polymers 

Polymers 
Polymers 
Polymers 

Polymers 


68b 
68a 

68a,  76 

68a 
68a 
68a 

68a,  c,  76 


Polymers  68c 

 do   76 

 do   68a 

 do   68c 

 do   68c 

 do   68c 

 do   68c 

 do   68a,  76 

 do   68a 

 do   68b 

 do   68a 

 do   68a 

 do   68b 

 do   68c,  76 

 do   68b 

 do   68a 

 do   68a,  76 

 do   68a 

 do   68a 

 do   68a 

 do   68a,  c,  76 

 do   76 

 do   68a,b,  76 

 do   76 

 do   68b 

 do  

 do   68b 

 do   68b 
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4.  Detailed  Index  of  Specific  Materials — Continued 


Material 

Varnish  (G.E.  #7031) 

YM-31-A-Glas8 
Polystyrene  (PS) 
Polytetrafluoro- 

ethylene  (PTFE) 
Polyvinylacetate 

(PVA) 
Polyvinylchloride 

(PVC) 
Porcelain 
Potassium 

KBr 


Figure 

Table  heading 

number 

Material 

Polymers 

68a 

Buby  (artificial) 

 do  

68a 

Polymers 

l(\ 
t  \j 

±\u  iiiciiium 

Jrolymers 

fiRa    h  76 

 do  

76 

Rutile 

 do  

68b 

Samarium 

Disordered  Dielectrics 

67a 

Samarium  sulfide 

Potassium 

2b,  3 

Potassium  Ionic 

Samarium  sulfide 

Crystals 

58b,  d,  59a, 

b,  75b 

Sapphire 

Table  heading 


Figure 
number 


KCl 

KC0F3 

KCr(S04)j 

KD2PO4 

KFeFs 

KH2A8O4 

KH2PO4 

KI 


Potassium  Ionic 
Crystals 

Potassium  Ionic 

Crystals 
Potassium  Ionic 

Crystals 
Potassium  Ionic 

Crystals 
Potassium  Ionic 

Crystals 
Potassium  Ionic 

Crystals 
Potassium  Ionic 

Crystals 
Potassium  Ionic 

Crystals 


57c,  58b,  c,  d 
59a,  b,  75b 

59a 

58c 

59a 

59a 

59a 

59a 

58c,  d,  59b, 
75b 


KMgFs 

Potassium  Ionic 

Crystals 

58d,  75a 

KMnFj 

Potassium  Ionic 

Crystals 

59a 

KNiFs 

Potassium  Ionic 

Crystals 

59a 

KTaOs 

Potassium  Ionic 

Crystals 

59a 

KZnFj 

Patassium  Ionic 

Crystals 

59a 

Potassium  chromium 

aluminum 

Praseodymium 
-S 

-S 

-Se 

•Se 

-Te 

-Te 

Pyrex 
Quartz 

Fused  quartz 
Quartz  glass 
Rhenium 
Rhodium 
Rhodolite 
Rock  salt 
Rose's  metal 
Rubber 
Rubidium 

-CI 

-I 


Potassium  Ionic 

Crystals 
Praseodymium 
Praseodymium 

Semimetals 
Praseodymium 

Compounds 
Praseodymium 

Semimetals 
Praseodymium 

Compounds 
Praseodymium 

Semimetals 
Praseodymium 

Compounds 
Disordered  Dielectrics 
Quartz  (SiO  2)  Crystals 

 do  

Disordered  Dielectrics 

Rhenium 

Rhodium 

Minerals 

Minerals 

Bismuth  Alloys 

Polymers 

Rubidium 

Rubidium  Ionic 

Crystals 
Rubidium  Ionic 

Crystals 


75a 
36a 

56b 

63a 

56b 


56b 


76 

64b,  65 

65 

67a 

14,69 

17a,  b 

63b 


50 
68b 
2a,  b 

58d,  75b 


Scandium 
Selenium 

-Tl 
Silicon 

-C 

Ferrosilicon 
Silicon  bronze 
Silver 

AgBiSe  2 

AgCl2 

-Au 

-Cd 

Easy-flo 

-Mn 

-Pb 

-Pd 

-Pt 

-Sb-Te2 

-Se 
-Sn 
-Te 

-Zn 

Sodium 
-Br 

-01 


-F 

Sodium  potassium 

Sodium  potassium 
cesium 
Solder 
Spessariite 
Stainless  steels 
Stellite 

alloy  #6 

alloy  #6B 
Strontium 

-TiOj 

Sulfur 
Sylvite 
Tantalum 
-Nb 

-W-Hf-Nb 

-W-Hf-Zr 

-W-Nb 
Technetium 
Tellurium 

In2Te3 

Tellurium  copper 
Terbium 


Alumina  and  Sapphire 

Crystals 

64a, 

b  ,c 

Ruthenium 

17a, 

h 

Ruthenium  Alloy 

51a 

Ruthenium  Ionic 

Crystal 

62a 

Titanium 

Semiconductors 

56b 

Samarium 

36a 

Samarium 

Semimetals 

56b 

Samarium 

Compounds 

63a 

Alumina  and  Sapphire 

Crystals 

64a, 

b,  c. 

75b 

Scandium 

5a,  b 

Selenium 

32a, 

b 

Selenium  Semimetal 

Silicon 

27a, 

b,  c 

Silicon 

Semiconductor 

56b 

Silicon  Alloys 

Copper  Alloys 

43b 

Silver 

20a, 

b,  71 

Silver  Ionic  Crystals 

Silver  Ionic  Crystals 

62b 

Silver  Alloys 

44b 

 do  

44b 

 do  

44a 

 do  

44a, 

c 

 do  

44a 

 do  

44b 

 do  

Silver 

Semiconductors 

 ..do  

Silver  Alloys 
Silver 

Semiconduc  tors 
Silver  Alloys 
Sodium 
Sodium  Ionic 

Crystals 
Sodium  Ionic 

Crystals 

 do  

Alkali  Metal  Alloys 

 do  

see  Tin  Materials 
Minerals 

see  Iron  Materials 

Cobalt  Alloys 
 do  

Strontium  Ionic 

Crystals 
Sulfur 
Minerals 
Tantalum 
Tantalum  Alloys 

 do  

 do  

 do  

Technetium 

Tellurium 

Tellurium 

Semiconductors 
Commercial  Cu 
Terbium 


56a 
56a 
44b,  c 

56a 
44b 
2b,  3 

58c 

57c,  58a,  b, 

c,  75b 
57c,  58a 


51b 
63b 


60a,  b,  61 
32a 

ior7b"" 

51b 


32b,  33 
56a 

'36br37' 
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4.  Detailed  Index  of  Specific  Materials — Continued 


Figure 

Material                 Table  heading  number  Material 

Terbium-Al  Rare  Earth  Garnets    Vanadium 

ThalUum  Thallium  25a,  b,  73  Water 

-Pb  Thallium  Alloys   

Thorium  Thorium  36b,  39,  74  Water  (heavy) 

Thulium  ThuUum  36b,  37 

Thulium-AI  Rare  Earth  Garnets    Xenon 

Tin  Tin  29a,  b,  c,  74  Ytterbium 

-Hg  Tin  Alloys    Yttrium 

-In   --do   48a,  75a,  b  YsFesOiz 

-Se  2  Tin  Semiconductors  54 

Sn-Au  Tin  Alloys    Yttrium  iron  garnet 

Sn-Bi   do   48b  Zinc 

Sn-Hg   do   48a  AC41  A 

Sn-Pb   do   48a  AG40  A 

Sn-Zn   do   48a  Ar2 

-Te  Tin  Semiconductors    ASTM 

Titanium  Titanium  6,  69  B  86  alloy  21 

-Al-V  Titanium  Alloys  51a  B  86  alloy  23 

-C  Titanium  Semimetals  56b  B  86  alloy  25 

-C  Titanium  Ionic  Gomak  2 

Crystals  56b,  62b  Mazak  2 

-Cr-Fe  Titanium  Alloys    SAE 

-O  2  Titanium  903 

Semiconductors  56b  921 

-O2  Titanium  Ionic  925 

Crystals  56b,  62b,  c  -Sb 

-Nb  Titanium  Alloys    -Te-Cd-Se 

-Ni   do   51a  Zamak 

Rc-130-B   do   51a  2 

Rem-Cru   do   51a  3 

Rutile  Titanium  5 

Semiconductors  56b  7 

Ti-A-110  AT  Titanium  Alloys  51a  ZiUoy 

Topaz  Minerals    15 

Tourmaline  Minerals    40 

Tungsten  Tungsten  12a,  b,  69  Zn-Cu-Ti 

Gyromet  Tungsten  Alloys    ZnF2 

Mallory  ZnS04»7H20 

1000   do     #2  die  metal 

2000   do     Zincblend 

3000   do     Zircaloy 

-Ta   do   51a  Zirconium 

Uranium  Uranium  39  -C 

-C 

-Cr  Uranium  Alloys   

-Fe  do.-     Jessop-Saville 

-N  Uranium  Semimetals  56b  zirconium 

-N  Uranium  Compounds  63a  Zircaloy  2 

-O2   do   63a  Zirconium  GR  11 

Uranium  mono- 
carbide  Uranium  Semimetals   


Figure 

Table  heading  number 


Vanadium 

8 

Water  Molecular 

Crystals 

00 

Water  Molecular 

Crystals 

66 

Xenon 

35 

Ytterbium 

36b,  37 

Yttrium 

5a,  b  p 

Yttrium  Ionic 

Crystals 

62a 

 do   . 

62a 

Zinc 

22a,  c,  72 

Zinc  Alloys 

  do  

Zinc  Semiconductors 


Zinc  Alloys   

-"--"-^]do"^-"]] 

 do    

 do    

 do     

 do     

 do     

Zinc  Semiconductors  56a 
 do   56a 

Zinc  Alloys   , 

-"-'-"-^-do"".:!^]  "--"IIIII] 

"^-----Ido"^""' 

Zinc  Ionic  Crystal  62a 

 do   62a 

Zinc  Alloys   

Minerals   

Zirconium  Alloys   

Zirconium  7 

Zirconium  Semimetals  56b 
Zirconium  Ionic 

Crystals  62a 

Zirconium  Alloys   
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